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THE O R I G I N  AND INITIAL DEVELOPMENT O F  LIFE 

A. I. Oparin 

ABSTRACT. This book presents  a h i s t o r y  of t h e  
development of l i f e  on Earth.  It is e s t a b l i s h e d  t h a t  our 
p l a n e t  i s  about 5,000,000,000 years  o ld ,  and f o s s i l s  ex- 
tending back t o  t h e  Pre-Cambrian, o r  Pro terozoic ,  era have 
been found i n  d i f f e r e n t  p a r t s  of t h e  globe. 

ment, and began almost two b i l l i o n  y e a r s  ago. It i s  u s u a l l y  
divided i n t o  t h r e e  geologopalaeontological systems: t h e  
S i n i s i a n ,  beginning about 1200 m i l l i o n  years  ago; t h e  Yenisei ,  
beginning about 1500 m i l l i o n  years  ago; and t h e  Sayan, begin- 
ning about 1900 m i l l i o n  years  ago. 
however, t h a t  s c i e n t i s t s  s t i l l  do not  have f a c t u a l  d a t a  c o r r e c t l y  
determining t h e  t i m e  t h a t  l i f e  began. 

It i s  c h a r a c t e r i s t i c  of t h e  development of m a t t e r ,  
however, t h a t  i t  has  proceeded a t  a continuously a c c e l e r a t i n g  
rate. Abiogenic evolu t ion  of organic  substances required 
b i l l i o n s  of years .  With t h e  rise of l i f e ,  t h e  development 
went on much f a s t e r .  E s s e n t i a l  s h i f t s  i n  t h e  evolut ionary 
path of l i f e  occurred i n  t h e  course of hundreds and t e n s  of 
m i l l i o n s  of years .  The formation and b i o l o g i c a l  development of 
man has  taken only a m i l l i o n  years .  Soc ia l  t ransformations have 
been accomplished i n  t h e  course of mi l lennia  and c e n t u r i e s .  
When any new form of t h e  motion of mat te r  arises, t h e  o ld  forms 
are r e t a i n e d ,  but  t h e i r  r o l e  i n  f u r t h e r  progress  i s  n e g l i g i b l y  
small  s i n c e  t h e i r  r a t e s  of development a r e  s e v e r a l  o rders  lower 
than t h e  development r a t e s  of t h e  new form of motion. This 
occurred when o ld  abiogenic methods of s y n t h e s i s  of organic  
substances dropped i n t o  t h e  background, as  compared t o  t h e  
f a s t e r  b i o l o g i c a l  syntheses .  

It is  t h e  au thor ' s  opinion t h a t  human progress  i s  now 
taking p lace ,  no t  i n  t h e  b i o l o g i c a l  development of t h e  i n d i v i d u a l ,  
but  through t h e  advancement of h i s  s o c i a l  l i f e .  

This e r a  w a s  an immense s t a g e  i n  geologica l  develop- 

It is  t h e  a u t h o r ' s  opinion, 

INTRODUCTION /5* 

When observing n a t u r e  surrounding u s ,  w e  can r e a d i l y  d i v i d e  i t  i n t o  an in-  
e r t ,  inorganic  world, and a world of l i v i n g  substances.  
substances comprises an  immense d i v e r s i t y  of animals,  p l a n t s ,  and microbes. 
Outwardly, they are a l l  q u i t e  d i f f e r e n t ,  but  w e  may immediately observe some- 
th ing  which they a l l  have i n  common, which d i s t i n g u i s h e s  them from o b j e c t s  of 
t h e  inorganic  world and which compels us  t o  inc lude  i n  one s i n g l e  concept -- 
t h e  concept of t h e  " l i v i n g  substance" -- dogs, trees, whales, i n s i g n i f i c a n t  in-  
sects o r  blades of g r a s s ,  man, and t h e  b a c t e r i a  which may be d is t inguished  under 
a microscope. 
c a l l  l i f e .  

The world of l i v i n g  

A l l  of them are charac te r ized  by something i n  common, which w e  

* Numbers i n  t h e  margin i n d i c a t e  paginat ion i n  t h e  o r i g i n a l  fore ign  t e x t .  
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. . . .. 

What is the essence of this "something"? What is the essence of life? It 
is impossible to formulate a rational outlook which correctly reflects objective 
reality without answering this question on a scientific basis. 

In addition, this answer determines the practical activity of man in all of 
those areas where man deals with living substances -- for example, in agriculture 
or in medicine. In all of these cases, the methods which man employs to influ- 
ence living nature will be more fruitful, the more deeply he penetrates into 
the essence of life and correctly understands it. 

History has taught us that throughout all of the conscious life of man, the /6 
problem of the essence of life has been one of the basic spring boards for the 
bitter idealogical struggle between two irreconcilable philosophical camps -- 
idealism and materialism. The leaders of the idealistic camp see the essence 
of life in a certain eternal, super-material origin which cannot be understood 
by experimental methods. This is the "psyche" of Plato, the "entelechy" of 
Aristotle, the undying soul or part of diety of different religious disciplines 
and beliefs, the Kantian ''inner principle of action", the Hegelian "world mind", 
"living force'' of the vitalists, the "dominating idea" of the neovitalists, and 
so on. 

Matter, that objective reality into which we are constantly gaining a 
deeper insight by directly observing it and by studying it experimentally, is 
without life and is inert based on the idealists' position. It serves only as 
the material from which the soul or the mind creates living substances. 

According to the concepts of idealism, in principle it is impossible to 
understand the essence of life by objectively studying nature which surrounds 
us on materialistic bases, since life itself is above matter and is spiritual; 
on1.y by deep speculative self-understanding would it be possible to approach am 
understanding of that divine origin which we carry in ourselves. 
sively contemplate the rest of the world of living substances, and based on these 
positions nothkg can be said about a change or an alteration of living nature by 
man. 

We can only pas- 

Materialism approaches the problem of the essence of life from a diametric- 
Based on the facts obtained by science, materialism ally opposite point of view. 

states that life, and all of the remaining world, is material in nature, and 
that we do not have to acknowledge any spiritual origin which cannot be under- 
stood experimentally in order to comprehend it. On'the other hand, from the 
materialistic viewpoint, an objective study of nature surrounding us is a reli- 
able method, which not only leads us toward an understanding of the essence of 
life itself, but also enables us to change and alter living nature in a certain 
direction for the benefit of mankind. 

Extensive groups of biologists and naturalists consciously or spontaneously 
base their research on a materialistic understanding of living nature. Pro- 
ceeding on this basis, their research is constantly enriching our scientific 
knowledge regarding life, enabling us to approach the essence of life. However, 
the essence of life can be understood in different ways within the limits of 
this materialistic concept of life. 

2 



Many scientists of the last century and many contemporary researchers, /7 
based on a mechanistic concept of life, have assumed and continue to assume 
that,in general, an understanding of life consists only of explaining it to the 
fullest extent by means of physics and chemistry, and of the complete reduction 
of all living phenomena to physical and chemical processes. 
viewpoints, there are no specifically biological laws. Only laws governing in- 
organic nature really exist; these laws control all the phenomena occurring in 
living bodies. Thus, mechanism denies any qualitative difference between organ- 
isms and bodies of inorganic nature. 

Based OII these 

In contrast to this, dialectical materialism regards life as a special form 
of the motion of matter, which differs in qualitative terms from objects in the 
inorganic world. 
living substances. 

This form of the motion of matter is only characteristic of 

According to dialectical materialism, matter is in constant motion; this 
motion is not something external to matter, but is rather related to its very 
essence. In this sense, the motion of matter cannot be regarded as only the 
displacement of material bodies in space; mechanistic displacement of this type 
represents only one (the lowest and the simplest) form of the motion of matter. 
Along with this, different objects of reality are characterized by other, more 
complex forms of motion which arise as new elements in the development of matter. 

We may observe this development process everywhere in the world surrounding 
It is gradual in nature, and is directed toward the formation of higher and 

The new qualities of the material objects 
us. 
higher forms of the motion of matter. 
which are formed during the development process are absolutely real, but they 
did not exist before its formation in any latent form. They actually appeared 
anew only at the given development stage of matter, as more complex, diverse, 
and richer differentiated forms of motion. 

Thus, when new elements appear, the previous forms of the motion of matter 
do not disappear. 
but they remain in the background. They are of very little value for the subse- 
quent development of these objects, as compared with the value of new forms of 
motion. The future fate of qualitatively new natural bodies is primarily deter- 
mined by their special properties and by new objective laws, which cannot be re- 
duced by simple analysis to forms which were previously more primitive. 
essence, this type of reduction is equivalent to denying genuine development, 
and it distorts reality and is incompatihle with the real dialectics of nature. 
This is exactly what the mechanists do with respect to understanding life. 
pletely ignoring the development of matter, they try to understand the essence 
of life on purely metaphysical terms. Roughly speaking, their method consists 
of breaking down the organism, like a clock, into individual screws and wheels. 
By studying these parts, they plan to understand the living substance as a whole. 

They are retained in the qualitatively new objects of reality, 

In 
/8 

Com- 

There is no doubt that a detailed analysis of matter and the phenomena in- 
herent to living bodies is extremely important and is absolutely necessary in 
order to reach a correct understanding of life. 
present-day biochemistry and biophysics represent a reliable proof of this. 
is only possible to move rationally toward a scientific understanding of life by 
studying in detail the chemistry of the material substratum of life, by studying 

The outstanding advances in 
It 
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individual substances and their composition, by studying individual reactions 
taking place in the exchange of matter as well as their relationships, and by 
understanding the bioenergetic, structural, and general physical properties of 
living things. 
research in this respect would be to force an open door. This role is undis- 
puted, but the question is really whether this research is in itself sufficient 
for achieving the formulated goal, for understanding the essence of life. 
Apparently, it is not. 

To demonstrate the predominant role of physical and chemical 

Regarding life as a qualitatively special form of the motion of matter, 
dialectical materialism formulates even the very problem of understanding life 
in a different way than does mechanism. For the mechanist, it consists of the 
most comprehensive reduction of living phenomena to physical and chemical pro- 
cesses. On the other hand, from the dialectical materialism point of view, the 
main point in understanding life is to establish its qualitative difference from 
other forms of the motion of matter. Life finds its clearest expression (as a 
special form of the motion of matter) in the specific interaction of living sys- 
tems -- organisms -- with the environment surrounding it, in the dialectical 
unity of a living body, and in the conditions of its existence. 

Bidlogical metabolism lies at the basis of this unity. Within this 
unity, many tens -- and possibly hundreds -- of thousands of individual biochemi- 
cal reactions are uniformly combined into a complex network(l1 of the conversion 
of matter and energy. The processes of synthesis and assimilation are closely 
related in this network. As a result of these processes, matter in the outer / 9  
surroundings is converted into proteins and other compounds inherent in organisms. 
T h i s  network also includes the processes of dissimilation and decomposition 
which primarily serve as the source of energy which is necessary for life. As 
a result of this, any organism throughout its entire life is in continuous, in- 
ternal motion, in a state of continuous decomposition and synthesis. Its appar- 
ent uniformity is only an outer expression of the exceptional efficiency with 
which the opposite branches of metabolism are coordinated. Due to this,, a 
newly formed particle develops in the place of each disintegrated particle of 
protein or other substance. In this way, to a specific extent, the organism 
retains its constant form and chemical composition, without changing materially. 
One characteristic which distinguishes life qualitatively as a higher form of 
the motion of matter is the fact that in living bodies many biochemical reac- 
tions, which together comprise metabolism, are not only strictly inter-corre- 
lated in time and in space, are not only combined in a single order of continu- 
ous self-renewal, but this order is uniformly directed toward a constant self- 
preservation and self-reproduction of the entire living system as a whole, which 
is exceptionally adapted to solving the problem of the organism existing under 
given conditions in the outer surroundings. 

- 

This complete adaptation or, as it is frequently called, "appropriateness" 
of the organization penetrates the entire living world from top to bottom, down 
to the very elementary forms of life. It is a requisite property of any living 

The term "network" is used here and later on in the book, not in the spatial, (1) 
but in the temporal sense, and refers to the interrelationship of the metabolic 
reactions. 
4 



body, but this adaptation is absent outside of this body, under the natural 
conditions of inorganic nature. It is a feature which is characteristic of 
life, which arises as something new during the process by which life is estab- 
lished. Therefore, inert, inorganic bodies do not have this "appropriateness", 
and it is futile to try to find an explanation of it only in the laws of the 
inorganic world, or only in the laws of physics and chemistry. In this "appro- 
priateness", the idealists find the proof of the supernatural nature of life -- 
the purposeful fulfillment by living beings of the plans of a higher spiritual 
source. It is natural that the mechanists base themselves on this -- the simi- 
larity of organisms to artificially produced mechanisms,machines. The construc- 
tion, the inner organization of the machine -- the mechanists say -- always is 
designed to fulfill a certain specific operation, it is "appropriate". 
of life, only in machines do we find this type of adaptation of the structure 
for functions to be performed. In addition, the operation of any machine may /10 
be readily reduced entirely to physical and chemical phenomena. On this basis, 
since Descartes up to the present day, men have strived to understand the organ- 
ism as a very complex mechanism. In different ages, only the material formula- 
tion of this attempt has changed with the development of science and technology. 
Thus, in the XVII Century, living beings were compared with tower clocks, later 
with steam engines, and now with cybernetic machines which may fulfill several 
functions of the mental activity of man. Therefore, cybernetics is now fre- 
quently regarded as a new, universal method of understanding the very essence 
of life. 

Outside 

Naturally, this is not valid. Attempts to regard a living being as a 
mechanism have existed for many centuries. However, the more extensively we 
study the organization of living bodies, the more formal the analogy becomes 
between organisms and mechanisms. No matter what the organizational complexity 
and perfection of a modern electronic computer may be, in its very nature it is 
farther removed from man than, for example, the most primitive battery, although 
the latter does not have that differentiating nervous system which the machine 
imitates so successfully. 

This difference between organisms and mechanisms is clearly apparent in 
their material nature, in the fact that living beings -- to use the expression 
of Engels -- are "albumin bodies", in the continuous nature of the metabolism or 
ganization, and in the nature of the energetics of living nature. It is par- 
ticularly important to mention the fact that the analogy cited by the mechanists 
between organisms and machines cannot in any way explain what it is intended to 
explain -- the "appropriateness" of the organization of living beings. Machines 
are not simply inorganic systems operating on the basis of only physical and 
chemical iaws. They represent the creation not of a biological, but of a higher 
social form of the motion of matter -- the social life of the people. The inner 
"appropriateness" of the machine, the suitability of its structure for fulfill- 
ing specific works cannot be separated from the interaction of laws governing 
the inorganic world. It represents the fruit of the psychic activity of man, 
of his creative forces. Therefore, when the mechanists attempt to explain the 
inner suitability of organisms by an analogy with machines, they inevitably 
arrive at particularly idealistic conclusions -- at the understanding that the 
"appropriateness" of the human organisms is the result of the creative will of 
the creator, "the master of quantum mechanics", or, in simple terms, at a - 111 
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knowledge of the divine origin of life. 

Thus, mechanism -- which is outwardly opposed to idealism -- arrives at 
the same deadlock as the latter in its attempts to understand the essence of 
life. This is due to the fact that it ignores metaphysically the dialectic 
course followed by the development of matter, and it attempts to understand life 
separately from its formation. 

In rational terms, life can be understood materialistically only as a 
special form of the motion of matter, which arises in conformance with a law at 
a specific stage of the development of matter. 

The great dialectician of ancient Greece, Heraclitus of Ephesus, and after 
him, Aristotle,taught that we can only understand the essence of things when we 
know their origin and development. 
meaning are absolutely valid with respect to understanding life. 

These words which reverberate with deep 

Only by studying its course of development can we understand why those 
features which are characteristic of life were formulated, and not other ones, 
why new elements and biological laws which were previously absent arose during 
the process by which life was established, and why that organizational adapta- 
bility which surprises us in all living things was developed. 

Therefore, contemporary naturalists are coming increasingly to the conclu- 
sion that the problem of the essence of life and the problem of its origin are 
inseparable, and are only two sides of the same coin. In addition, it is be- 
coming increasingly apparent that we cannot (as was done until even recently) 
regard the formation of life as a sudden, isolated phenomenon, as a "lucky 
chance". 
the universe develops according to a law. 

It represents an inseparable component of the entire process by which 

The development of our terrestrial life only represents an individual, 
separate branch of this general development. 
the fact that it is based upon the uniform development of carbon compounds and 
the complex systems produced from them. 

This branch is characterized by 

The initial stages of this development are very universal, and are widely 
extended throughout space. They may be concentrated in very diverse celestial 
objects. However, subsequent stages in the development of carbon formations 
were characteristic for terrestrial conditions. They were directly related 
to the development of our planet. 

The large amount of factual information which science has presently accumu- 112 
lated enables us to trace our specific development on the Earth. 
opened the door wide for objective scientific research which attempts not only 
to explain in a speculative manner the greatest events of the past, but also to 
obtain experimental proof for the validity of this explanation. However, 
science cannot reach this position at once. Mankind must traverse a very long 
and tortuous path before it can find the correct road leading to a solution of 
the problem of the origin of life. The history of these attempts is very in- 
structive, and we shall begin our discussion with this. 

This has 
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A BRIEF HISTORY OF THE ATTEMPTS TO SOLVE THE ORIGIN OF LIFE 

For many centuries people believed that the Earth was flat and motionless /13 
and that the Sun revolved about it, rising in the East and setting in the ocean 
or behind mountains in the West (Figure 1). This false conviction rested on 
direct uncritical observation of the phenomena of nature surrounding us. Obser- 
vations of this sort have often inspired the thought that different creatures -- 
as, for example, insects, worms, and sometimes even fish, birds, and mice -- are 
not only born of their like, but are also directly generated of themselves, giving 
rise to themselves from mud, manure, earth, and other lifeless materials. 

It is understandable what an immense significance these everyday uncritical 
observations had in forming the beliefs of ancient peoples, when nature was not 
yet studied in detail or subjected to analysis and calculation, but was per- 
ceived as a whole in direct contemplation by the senses (Ref. 1). In China, for 
example, it has been believed from the most ancient times that aphids and other 
insects are self-generated under the effect of heat and moisture (Ref. 2). The 
sacred books of India contain reports of the sudden genesis of various parasites, 
flies, and beetles from sweat and dung (Ref. 3 ) .  It may be read in Babylonian 
cuneiform writings that worms and other animals are formed from the mud of canals 
(Ref. 4 ) .  

In ancient Egypt the prevailing belief was that the layer of silt left by /14 
the Nile at flood could generate living creatures when it was heated by the Sun. 
In this way, frogs, toads, snakes, and mice were formed. It was felt that this 
could be easily ascertained from the observation that their forward part is al- 
ready finished and alive, while their rear part still represents unchanged moist 
earth (Ref. 5). 

We find this tale also repeated among the ancient Greeks (e.g., in Diogenes 
of Apollonia) and in the works of the famous Roman scholar Pliny. 
wide dissemination in both East and West,both in the Middle Ages and later. No 
wonder that even in Shakespeare's tragedy Antony and Cleopatra Lepidus asserts 
that crocodiles in Egypt are bred from the ooze of the Nile by the warm southern 

It enjoyed 
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Figure 1. Picture of the World According to Medieval Concepts 

It is in general very characteristic of the problem in which we are 
interested that, among the most diverse peoples living at different times and 
on different stages of culture, we find reports of the spontaneous genesis 
almost always of the same organisms -- worms generating in manure and decaying 
flesh, lice forming from human sweat, fireflies born of the sparks of bonfires, 
and, finally, frogs and mice originating from dew and humid ground. Everywhere 
that man encountered the sudden and large-scale appearance of living creatures, 
he regarded this as autogenesis of life. The belief in autogenesis among 
ancient peoples was, therefore, not a conclusion drawn from any particular 
conception of the world. 
an obvious, empirically established fact under which a certain theoretical 
foundation was subsequently laid. 

/15 

For them, autogenesis of living creatures was simply 

Underlying the ancient teachings in India, Babylon, and Egypt of the origin 
of life were various religious legends and traditions. From this point of view, 
even the autogenesis of living creatures was only a particular case of the mani- 
festation of the creative will of gods or demons. But already at the very 
sources of our European culture in ancient Greece, cosmogony , as the begin- 
ning of scientific investigation , comes to replace theogony, as the mythical 
interpretation of nature (Ref. 7). 

Although all the Greek philosophers from the Milesians to Epicurus and the 
Stoics acknowledged autogenesis of living creatures as an indubitable fact, 
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their philosophical treatment of this "fact" already far exceeded the confines 
of previous mythical ideas. It contained in itself the germs of all the con- 
ceptions which were subsequently developed about the origin of life. 

The most ancient philosopher of Greece, Thales, who lived around 624-547 
B.C., was already approaching the problem of the essence and origin of life 
from spontaneously materialistic positions. The basic principle of Thales, 
like other philosophers, of the Milesian school (Anaximander and Anaximenes), 
was the recognition of the objective existence of matter which is the eternally 
living, eternally changing elementary principle. Life is inherent in matter as 
such. Therefore, although the Milesians believed in the autogenesis of living 
creatures from mud, slime, etc., they treated this phenomenon merely as the 
self-formation of individual organisms which did not require the intervention 
of any special mystical forces to bring it about (Ref. 8 ) .  Eater, the same 
idea was developed by Empedocles (485-425 B.C.), according to whom plants and 
animals may be formed from inorganic, but already living substances, or by birth 
from "their like" or from "things unlike them," i.e. , by autogenesis (Ref. 9). 
However, a particularly clear expression of the idea of the self-formation of 
living creatures was found in the teaching of Democritus (460-370 B.C.) (Ref. 
lo). In. this doctrine, ancient Greek materialism reached the culmination of its 
development, although it now assumed a rather mechanistic character. /16 

The view of Democritus held that the basis of the universe is matter 
consisting of a multitude of very fine particles (atoms) in eternal motion and 
separated by empty spaces. 
separated from matter, produces the formation of all individual things. In 
particular, life also is not a matter of divine creation, but the result of the 
mechanical forces of nature itself. According to Democritus, the primal gen- 
eration of living creatures or their autogenesis from water and mud is the re- 
sult of a random, but quite determinate, combination of atoms in their mechan- 
ical movement when the finest particles of the moist earth encounter and combine 
with the atoms of fire. 

This mechanical motion of atoms, which cannot be 

Epicurus (342-271 B.C.), another eminent thinker of ancient Greece, stood 
on the same philosophical grounds a hundred years later (Ref. 11). We find his 
views expounded in the famous poem by Lucretius Carus, Onthe . .  Nature of Things 
(Ref. 12). According to this source, Epicurus taught that the moist heat of 
the sun and rain generated worms and numerous other animals from earth or dung. 
But this occurs without the participation of any spiritual principle. 
to Epicurus, there is no soul as an immaterial force. The soul is material and 
consists of small, very fine, and smooth atoms. The mechanical combination of 
atoms in empty space also leads to the generation of multifarious things, in 
particular, of living beings. Here the principle of the motion of atoms is 
associated with matter, is based in matter itself, and does not depend on any 
primary impetus" or other interference of the gods in the world's affairs. 

According 

I t  

Thus, already hundreds of years before our era many philosophical schools 
explained the phenomenon of autogenesis materialistically as a natural process 
of self-formation of living creatures without the participation of any spiritual 
forces. However, historically the situation evolved in such a way that the 
subsequent development of the idea of autogenesis did not become associated with 
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t h e  m a t e r i a l i s t i c  " l i n e  of Democritus , ' I  but  wi th  t h e  i d e a l i s t i c  " l i n e  of P la to"  
in imica l  t o  it. 

P l a t o  himself (427-347 B.C.) hardly d e a l t  wi th  t h e  problem of autogenesis .  
I n  t h e  Phaedo alone does h e  c u r s o r i l y  pose t h e  ques t ion  of t h e  p o s s i b i l i t y  of 
generat ion of l i v i n g  c r e a t u r e s  from t h e  e f f e c t  of h e a t  and p u t r e f a c t i o n .  How- 
ever, i n  complete agreement wi th  h i s  genera l  ph i losophica l  p r i n c i p l e s ,  P l a t o  
a s s e r t e d  t h a t  p l a n t  and animal m a t t e r  i s  n o t  al ive by i t s e l f ,  but  may only be 
animated by t h e  immortal s o u l ,  "psycheyt'  which e x i s t s  i n  i t  (Ref. 13) .  

This idea  of P l a t o  played an immense r o l e  i n  t h e  subsequent development of /17 
t h e  subjec t  i n  which we are i n t e r e s t e d .  To a c e r t a i n  degree,  i t  w a s  r e f l e c t e d  
i n  A r i s t o t l e ' s  d o c t r i n e  which af terwards became t h e  foundation ofmedieve l  
s c i e n t i f i c  c u l t u r e  and dominated t h e  minds of people f o r  almost two thousand 
years .  It w a s  t h e  opinion of A r i s t o t l e  (384-322 B.C.) t h a t ,  along with t h e  
b i r t h  of l i v i n g  c r e a t u r e s  from t h e i r  l i k e ,  they have a l s o  always been s e l f -  
generated from i n e r t  m a t t e r  (Ref. 14) .  Thus, according t o  A r i s t o t l e ,  ordinary 
worms, t h e  l a r v a e  of bees  and wasps, a s  w e l l  a s  m i t e s ,  glowworms, and var ious  
o ther  i n s e c t s  are generated from dew, i n  t h e  p u t r e f a c t i o n  of s l i m e  o r  dung, 
from dry wood, h a i r s ,  s w e a t ,  and f l e s h .  All types of i n t e s t i n a l  worms a r e  
generated by decaying p a r t s  of t h e  body and excrementa. Mosquitoes, f l i e s ,  
moths, May f l i e s ,  dung-beetles, can thar ides ,  f l e a s ,  bedbugs, and l i c e  ( p a r t l y  
i n  t h i s  form, p a r t l y  as l a r v a e )  a r e  generated from t h e  s l i m e  of w e l l s ,  r i v e r s ,  
and s e a s ,  from t h e  humus of f i e l d s ,  from mold, manure, from decaying wood and 
f r u i t ,  from animal i m p u r i t i e s  and d i r t  of every s o r t ,  from vinegar  dregs,  as 
w e l l  a s  from old  f u r  (Ref. 15) .  Not only i n s e c t s  and worms, but  a l s o  o t h e r  
l i v i n g  c r e a t u r e s  may be autogenerated,  says A r i s t o t l e .  Thus, crabs and molluscs 
(Testaceans) are generated from moist  e a r t h  and decaying muck; eels and some 
o ther  f i s h ,  from sea-slime, sand and decaying algae.  Even f r o g s ,  and under 
some circumstances a l s o  salamanders, could be formed of coagulated mud. Mice 
o r i g i n a t e  from damp e a r t h .  I n  t h e  s a m e  fash ion  s e v e r a l  higher  c r e a t u r e s  a l s o  
o r i g i n a t e  which f i r s t  a r i s e  i n  the  form of worms. 
quadrupeds," wrote A r i s t o t l e ,  " i f  they w e r e  a t  one t i m e  'earth-born, '  as some 
people a s s e r t ,  two methods of formation may be assumed -- e i t h e r  from a worm 
which is formed f i r s t ,  o r  from an  egg." 
only descr ibe  d i f f e r e n t  cases of autogenesis.  It i s  p a r t i c u l a r l y  important t h a t  
he provided t h i s  phenomenon wi th  a c e r t a i n  t h e o r e t i c a l  b a s i s  and crea ted  h i s  
own theory of autogenesis .  I n  t i m e  h i s  views apparent ly  underwent a c e r t a i n  
change, but  i n  t h e  l a s t  a n a l y s i s  they served a s  t h e  b a s i s  f o r  i d e a l i s t i c  i d e a s  
of t h e  o r i g i n  of l i f e .  

"Therefore f o r  man and f o r  

But i n  h i s  works A r i s t o t l e  d id  not  

A r i s t o t l e  thought t h a t  l i v i n g  beings,  l i k e  o ther  concre te  th ings  ("essences"), 
a r e  formed from t h e  combination of some pass ive  p r i n c i p l e ,  " m a t t e r t '  ( A r i s t o t l e  
ev ident ly  used t h i s  word t o  des igna te  what w e  would now c a l l  ' m a t e r i a l ' ) ,  wi th  
t h e  a c t i v e  p r i n c i p l e ,  "form." For l i v i n g  beings,  form is  t h e  ' 'entelechy of t h e  
body," t h e  soul .  It forms t h e  body and causes i t  t o  move. Therefore,  matter 
has  no l i f e ,  but  i s  encompassed by i t ,  i s  t e l e o l o g i c a l l y  formed, and is  organ- 
ized by t h e  s o u l  f o r c e ,  t h e  goal-directed i n n e r  essence of which ( t h e  entelechy) /18 
br ings  matter t o  l i f e  and keeps i t  a l i v e .  

A r i s t o t l e ' s  views exer ted  tremendous inf luence  on t h e  e n t i r e  subsequent 
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h i s t o r y  of t h e  ques t ion  of t h e  o r i g i n  of l i f e .  With h i s  i n c o n t e s t a b l e  author- 
i t y ,  h e  confirmed t h e  data of d i r e c t  naive observat ions and f o r  many c e n t u r i e s  
predetermined t h e  subsequent f a t e  of t h e  d o c t r i n e  of autogenesis .  
following phi losophica l  schools ,  both Greek and Roman, shared A r i s t o t l e ' s  opinion 
of t h e  p o s s i b i l i t y  of spontaneous generat ion of l i v i n g  creatures. Simultaneously 
t h e  t h e o r e t i c a l  s u b s t a n t i a t i o n  of t h i s  "$henomenon"'in t i m e  took on a more and 
more i d e a l i s t i c ,  and even myst ica l ,  na ture .  

A l l  t h e  

Cer ta in  works of t h e  second and t h i r d  c e n t u r i e s  B.C. conta in  numerous t a l e s  
and ''marvelous s t o r i e s ' '  of t h e  "pediculous misfortune" i n  which t h e  j u i c e s  of 
t h e  human body changed i n t o  p a r a s i t e s ,  of t h e  generat ion of worms and i n s e c t s  
from decaying m a t e r i a l s ,  c rocodi les  from t h e  N i l e  s l i m e ,  etc. Moreover, t h e  
phi losophica l  school  of t h e  S t o i c s ,  t h e  most a u t h o r i t a t i v e  of t h e  t i m e ,  taught  
t h a t  genera t ion  of animals and p l a n t s  r e s u l t s  from t h e  a c t i o n  of t h e  genera t ive  
f o r c e  belonging t o  t h e  "pneuma." 

From t h e  l a te  S t o i c s ,  t h i s  opinion w a s  widely d isseminated ,both  i n  the Orient  
and t h e  Occident by a number of philosophers and w r i t e r s ,  i n  p a r t i c u l a r  by 
Posidonius,  who t r a v e l e d  ex tens ive ly .  This opinion had won genera l  recogni t ion  
i n  t h e  beginning of t h e  C h r i s t i a n  e r a .  I n  s c i e n t i f i c  treatises,  p o l i t i c a l  
speeches, and a r t i s t i c  works of t h a t  t i m e  w e  cont inua l ly  come across  descr ip-  
t i o n s  of d i f f e r e n t  cases of autogenesis .  W e  f i n d  them i n  Cicero,  i n  t h e  famous 
geographer Strabo,  i n  t h e  u n i v e r s a l l y  educated Phi lo  of Alexandria,  i n  t h e  h is -  
t o r i a n  Diodorus S icu lus ,  and i n  such poets  as V i r g i l  and Ovid, and la te r  Seneca, 
P l i n y ,  P l u t a r c h ,  and Apuleius (Ref. 16) .  

The d o c t r i n e  of autogenesis  was given a c l e a r l y  marked i d e a l i s t i c  charac te r  
by t h e  Neoplatonis ts  ( i n  t h e  t h i r d  century A . D . ) .  P l o t i n u s ,  t h e  master of t h i s  
ph i losophica l  school ,  taught  t h a t  l i v i n g  c r e a t u r e s  could be produced from t h e  
ground not  only i n  t h e  p a s t ,  bu t  could a l s o  be produced r i g h t  now i n  t h e  process  
of p u t r e f a c t i o n .  H e  explained t h i s  phenomenon a s  t h e  r e s u l t  of t h e  i n s p i r a t i o n  
of m a t t e r  by t h e  " l i f e - c r e a t i n g  s p i r i t "  ("vivere f a c i t " ) .  
t h e  f i r s t  
down t o  us i n  t h e  d o c t r i n e  of t h e  modern v i t a l i s t s  (Ref. 17) .  

Apparently, h e  w a s  
t o  formulate  t h e  concept of t h e  " v i t a l  force ,"  which has  a l s o  come 

Ear ly  C h r i s t i a n i t y  drew i t s  guiding m a t e r i a l  on t h e  autogenesis  of l i f e  from 
t h e  Bible ,  which i n  t u r n  borrowed d a t a  on t h i s  s u b j e c t  from t h e  myst ic  t a l e s  of 
Egypt and Babylon. The t h e o l o g i c a l  a u t h o r i t i e s  of t h e  end of t h e  f o u r t h  and 
t h e  beginning of t h e  f i f t h  c e n t u r i e s ,  t h e  "Fathers of t h e  C h r i s t i a n  Church," 
combined these  tales with t h e  d o c t r i n e  of t h e  Neoplatonis ts  and on t h i s  b a s i s  
developed t h e i r  myst ic  conception of t h e  o r i g i n  of l i f e .  

/19 

B a s i l  t h e  Great, who l i v e d  i n  t h e  f o u r t h  century,  w a s  and remains today one 
of t h e  chief  t h e o l o g i c a l  a u t h o r i t i e s  of t h e  Eastern C h r i s t i a n  Church. It w a s  
under h i s  in f luence  t h a t  t h e  l e a d e r s  of orthodoxy formulated t h e i r  idea2 of 
l i v i n g  na ture .  H i s  book Hexaemeron has  remained i n  e c c l e s i a s t i c a l  l i t e r a t u r e ,  
p a r t i c u l a r l y  i n  Ru.ssian, up t o  t h e  present  day. I n  t h i s  book w e  may read the 
following on t h e  ques t ion  of i n t e r e s t  t o  us:  "One c r e a t u r e  i s  produced by t h e  
c o n t i n u i t y  of what has gone before ;  another  even now i s  being born of t h e  earth 
i t s e l f .  For n o t  only does t h e  e a r t h  produce grasshoppers i n  r a i n y  weather and 
thousands of o ther  fea thered  breeds borne on t h e  a i r  -- t h e  major i ty  of which, 
because of t h e i r  smallness ,  do n o t  even have a name -- b u t  i t  a l s o  sends f o r t h  
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m i c e  and toads.  
t h e  whole countryside i s  suddenly f i l l e d  wi th  f i e l d  m i c e . ,  
are formed i n  no o t h e r  way than from s l i m e .  
i n  any o ther  manner, b u t  d e r i v e  t h e i r  o r i g i n  from t h e  ear th"  (Ref. 18). 

Near Thebes i n  Egypt when there i s  much r a i n  during a h o t  s p e l l ,  
W e  f i n d  t h a t  eels 

They do n o t  m u l t i p l y  from eggs o r  

All these cases of autogenesis  of l i v i n g  c rea tures*  occur ,  says B a s i l  t h e  
Great, by d i v i n e  command which continues t o  work wi th  undiminished f o r c e  from 
t h e  c r e a t i o n  of the world t o  our days. 

S t .  Augustine i s  the same type of high a u t h o r i t y  f o r  t h e  Western Church as 
i s  B a s i l  the Great f o r  t h e  Eastern.  He a l s o  accepted t h e  autogenesis  o f  l i v i n g  
c r e a t u r e s  as absolu te  t r u t h ,  and i n  h i s  d o c t r i n e  he s t r o v e  only t o  s u b s t a n t i a t e  
th is  phenomenon from t h e  viewpoint of t h e  C h r i s t i a n  Church. "Jus t  as God," he 
wrote, "as a r u l e  c r e a t e s  wine from water and e a r t h  by means of the v i n e  and 
j u i c e  -- but  i n  some cases, as i n  Cana of Galilee, may create it d i r e c t l y  from 
water -- s o  i n  respec t  t o  l i v i n g  c r e a t u r e s  he may cause them t o  be born of seed 
or  t o  proceed from i n e r t  matter i n  which are l a i d  ' s p i r i t u a l  seeds'"("occu1ta 
semina") (Ref. 19) .  

I n  t h e  autogenesis  of l i v i n g  c r e a t u r e s ,  Augustine t h e r e f o r e  saw t h e  mani- 
f e s t a t i o n  of d iv ine  a r b i t r a r y  r u l e  -- t h e  animation of i n e r t  matter by t h e ' b i v i -  
fying s p i r i t . "  
i n  conformity w i t h  t h e  dogmas of t h e  C h r i s t i a n  Church. 

H e  thus  confirmed t h e  d o c t r i n e  of autogenesis  as being e n t i r e l y  

Throughout t h e  Middle Ages, t h e  b e l i e f  i n  spontaneous autogenesis  he ld  un- /20 
i n t e r r u p t e d  sway over t h e  minds of men. 
ing  could e x i s t  only as t h e o l o g i c a l  thinking under t h e  cover of t h i s  o r  t h a t  
d o c t r i n e  of t h e  Church. Any phi losophica l  quest ion could g a i n  t h e  r i g h t s  of 
c i t i z e n s h i p  only on condi t ion  t h a t  i t  be connected wi th  some t h e o l o g i c a l  problem. 
Philosophy w a s  t h e  "handmaiden of theology" ("anc i l la  theologiae") . 
l e m s  o f  n a t u r a l  sc ience  w e r e  shoved i n t o  t h e  background. Surrounding n a t u r e  
w a s  no t  judged from observat ion and experimentation, bu t  from studying t h e  Bible  
and theologica l  works. Only very sparse  information on mathematical ,  astronomi- 
cal ,  and medical problems penet ra ted  i n t o  Europe through t h e  Arabs and Jewish 
scholars .  

I n  t h e  Middle Ages phi losophica l  think- 

The prob- 

The works of A r i s t o t l e  f requent ly  reached t h e  European peoples over t h e  
same r o u t e  as very d i s t o r t e d  t r a n s l a t i o n s .  A t  f i r s t  h i s  d o c t r i n e  seemed dan- 
gerous,  but  l a te r  -- when t h e  church r e a l i z e d  t h a t  t h i s  d o c t r i n e  w a s  e n t i r e l y  
s u i t e d  f o r  many of i t s  own purposes -- i t  r a i s e d  A r i s t o t l e  t o  t h e  rank of 
' 'precursor of Chr is t  i n  ques t ions  of n a t u r a l  science" ("praecursor C h r i s t i  i n  
rebus natural ibus")  . Here, i n  V. I. Lenin's  a p t  expression,  "scholast ic ism 
and p r i e s t e r y  took over t h e  dead i n  A r i s t o t l e ,  bu t  n o t  t h e  l i v i n g  ...I1** 

t h e  quest ion of t h e  o r i g i n  of l i f e ,  i n  p a r t i c u l a r ,  medieval 
t e n s i v e l y  developed t h e  teaching of autogenesis  whose essence they s a w  i n  t h e  
i n s p i r a t i o n  of l i f e l e s s  mat te r  by t h e  " e t e r n a l  d iv ine  s p i r i t  .I1 

On 
theologians ex- 

. .  * 
** 
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Lenin I n s t i t u t e  (IMEL), MOSCOW, 1938, p. 332. 
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By way of an example, w e  may c i t e  one of t h e  most prominent l e a d e r s  of 
s c h o l a s t i c  Ar is to te l ian ism Dominican Albert  von Bolshtedt ,  c a l l e d  Albert  Magnus 
(1193-1280). According t o  legend, Albert  Magnus w a s  deeply occupied with zo- 
ology, botany, alchemy, and mineralogy. However, i n  h i s  numerous w r i t i n g s  he 
a l l o t s  considerably less space t o  independent observat ions than he does t o  
material borrowed from a n c i e n t  authors .  Concerning t h e  problem of t h e  o r i g i n  
of l i f e ,  Albert  completely adopted t h e  theory of autogenesis .  
mineralibus" h e  drew p a r t i c u l a r  a t t e n t i o n  t o  t h e  f a c t  t h a t  t h e  formation of 
l i v i n g  beings during p u t r e f a c t i o n  r e s u l t s  from t h e  "v iv i fy ing  force" ( I 'v i r tus  
v i v i f i c a t i v a " )  of stars. 

I n  h i s  book "De 

I n  h i s  works on zoology, Albert  Magnus gives  numerous d e s c r i p t i o n s  of 
t h e  autogenesis  of i n s e c t s ,  worms, eels, m i c e ,  etc. from var ious  types of r o t - &  
t i n g  materials,  from the moist  e a r t h ,  vapors,  s w e a t ,  and var ious  unclean th ings .  
I n  j u s t  t h i s  way, t h e  vapors of e a r t h  and water  under t h e  e f f e c t  of h e a t  and 
s t a r l i g h t  engender numerous p l a n t s ,  n o t  only mushrooms and sponges, but  a l s o  
r o o t s ,  bushes, and trees, which o f t e n  grow i n  p laces  t o  which t h e  seeds cannot 
be c a r r i e d  (Ref. 20) .  

S t .  Thomas Aquinas (1225-1274) ,  t h e  s tudent  of Alber t  Magnus, a l s o  ad- 
hered t o - t h e  same opinion (Ref. 2 1 ) .  I n  h i s  main work, t h e  Supma Theologica, 
i n  quest ions on t h e  o r i g i n  of l i f e  he bases  himself ,  on t h e  one hand, on t h e  
views which he a t t r i b u t e s  t o  A r i s t o t l e ,  and, on t h e  o t h e r  hand, on t h e  d o c t r i n e  
of Augustine of t h e  "generating force" (anima v e g e t a t i v a ) .  Therefore ,  he f u l l y  
admits t h e  p o s s i b i l i t y  of autogenesis  i n  such animals a s  worms, f r o g s ,  and 
snakes i n  p u t r e f a c t i o n ,  and t h e  a c t i o n  of s o l a r h e a t .  

The teachings of S t .  Thomas Aquinas a r e  t o  t h i s  very  day acknowledged by 
t h e  Roman Cathol ic  Church as t h e  only t r u e  philosophy. Therefore ,  t h e  Western 
Church has  c a r r i e d  through a l l  t h e  p a s t  c e n t u r i e s  t h e  p r i n c i p l e  which s t a t e s  
t h a t  l i v i n g  beings a r e  generated from l i f e l e s s  m a t t e r  by animation through a 
s p i r i t u a l  p r i n c i p l e .  

The t h e o l o g i c a l  a u t h o r i t i e s  of t h e  Eastern Church are a l s o  of t h e  same 
v i e w .  I n  t h i s  respect ,  they base  themselves p r i n c i p a l l y  on t h e  d i c t a  of B a s i l  
t h e  Great. To i l l u s t r a t e  th is ,  w e  may c i t e  h e r e  s ta tements  on t h e  autogenesis  
of animals set f o r t h  considerably l a t e r  -- i n  t h e  e ighteenth  century -- by such 
outs tanding f i g u r e s  i n  t h e  Russian Church a s  Dimitr iy  Rostovskiy and Feofan 
Prokopovich. Dimitr iy ,  Bishop of Rostov, who l i v e d  i n  t h e  t i m e  of P e t e r  I ,  i n  
h i s  work Brief Chronicle of A c t s  from t h e  Beginning of t h e  World t o  t h e  B i r t h  
of Chr is t  (Letopis '  , skazuydhchaya v k r a t t s e  deyaniya o t  nachala  mirobytiya do 
rozhdestva Khristova) (1708) wrote  t h a t  Noah d i d  n o t  take  animals capable of 
autogenesis  i n t o  h i s  a rk .  They per ished during t h e  f lood  and then w e r e  gener- 
a t e d  anew. 
l i k e  m i c e ,  toads ,  scorpions,  and o t h e r  r e p t i l e s  on t h e  ground, and var ious  
worms, a l s o  b e e t l e s  and cockchafers and l o c u s t s ,  and mosquitoes and midges and 
o ther  such t h a t  are engendered by t h e  dew of heaven -- a l l  t h e s e  per ished i n  
t h e  f lood  and w e r e  born aga in  a f t e r  t h e  deluge from t h e  same substances" (Ref. 

"Those t h a t  are born of t e r r e s t r i a l m o i s t u r e ,  of swamp and decay, 

22). 

Feofan Prokopovich (Ref. 23) i n  a course i n  theology w h i c h  h e  gave i n  the 
Kiev E c c l e s i a s t i c a l  I n s t i t u t e  develops the same thought almost verbatim: "Le t  
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us add that a multitude of animals which are engendered without the coupling of 
parents, but by themselves from putrefaction, did not need to be sheltered in 
the ark, like mice, woms, wasps, bees, flies, scorpions." 

Even in the nineteenth century, the Archbishop of Nizhegorod, Benjamin, in 
the translation of a book by W. Frantsius (Ref. 2 4 )  pointed out that insects, 
worms, frogs, and mice are self-generated "from the rotting of logs, from the 
excrement of animals, from sea sand, from decayed earth, from etc:. 122 

As we have already indicated, natural science in medieval Europe was on a 
very low level. It was in complete subjection to theology. The natural phe- 
nomena observed by travelers and scholars of that time were ordinarily not only 
discussed, but also were described as demanded by scholastic wisdom in complete 
conformity with the Scriptures and church dogmas. Therefore, the works of 
medieval scholars abound in the most fantastic descriptions and sometimes even 
drawings of the autogeneration of different insects, worms, and fish from slime 
and moist earth, of frogs from May dew, and even lions from desert rocks. Es-  
pecially characteristic of medieval 
teachings, widely disseminated at that time, on the goose tree, the vegetable 
lamb, and the homunculus. 

methods of understanding nature are the 

We find the tale of the goose tree as early as the beginning of the eleventh 
century in Cardinal Pietro Damiani (1007-1072). The English encyclopedist Alex- 
ander Neckam (1157-1217) develops the teaching of the formation of birds from 
the resin of conifers when they touch the salt of sea water. Subsequently this 
lore of the vegetable origin of geese and ducks became so accepted that their 
flesh came to be considered as fasting food, which was later forbidden by special 
order of Pope Innocent 111. But, despite this, even at the end of the fifteenth 
century, i.e., almost three centuries later, the knight Leo von Rotsmital des- 
cribes a dinner given in his honor in London by the Duke of Clarence in which 
ducks which spontaneously generated in the sea were served roasted under the 
name of fish, but Rotsmital' notes that the fleshof these "fish" tasted just 
like duck (Ref. 25). 

The noted traveler Odorico di Pordenone (died 1331) was the first to men- 
tion the vegetable lamb. "Reliable" people told him that in the Tartar khanate 
of Khadli grow huge pumpkins which ripen and disclose lambs covered with white 
wool and having very tasty flesh (Ref. 26). Mandeville (1300-1372), describing 
his journey through Eastern countries, also tells of a whole tree in whose melon- 
like fruit live lambs were germinated. This tale passes from age to age and in 
the middle of the seventeenth century, was repeated anew by Adam Olearius in 
his descriptions of a journey to Muscovy and Persia. "They also told us," he 
wrote, "that there beyond Samara between the Volga and Don Rivers there grows 
a rare type of melon or, rather, squash which in size and kind resembles ordi- /23 
nary melons, but whose exterior seems to resemble a lamb, having the very clearly 
outlined limbs of one, and the Russians therefore call it 'little ram'. This 
vegetable lamb feeds on the grass surrounding it, and is itself often the prey 
of wolves, which are very fond of it." Olearius writes further that he himself 
had the chance to see this "little ram" (Ref. 27). 

The lore of the homunculus arose on the basis of alchemical experiments. 
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It apparently appeared as early as the first century of the Christian era. It 
was based on the idea that by mixing the passive matemal principle and the 
active masculine principle, the phenomena of generation may be artificially re- 
produced and the embryo of a little man -- the homunculus -- may be obtained. 

Like the legend of the goose tree and the vegetable lamb, the tale of the 
homunculus also passes throughout all the Middle Ages and is encountered in a 
number of alchemical works, 
philosophy of the sixteenth century, Theophrastus von Hohenheim, who was known 
by the name of Paracelsus (1498-1541), in his works even gives a "precise formu- 
la" for making a homunculus. 

The typical representative of the early natural 

Paracelsus was in general a convinced adherent of the autogeneration of 
living beings. He believed that the active vital force -- the archeus -- which 
may be controlled by the application of certain magic procedures, predominates 
in the bodies of animals and men. This force determines the formation of the 
organism and its subsequent development. In complete conformity with these 
philosophical views, Paracelsus amplified the idea of the spontaneous genera- 
tion of life. He even adduced a number of observations which he made on the 
sudden appearance of mice, frogs, eels, and turtles from water, air, straw, 
rotting wood, and all sorts of waste products (Ref. 28). 

In the second half of the Sixteenth, and particularly the Seventeenth cen- 
tury, observations of the phenomena of nature were already becoming more accur- 
ate. Copernicus (1473-1543), Bruno (1548-1600), and Galileo (1564-1642) de- 
stroyed the old Ptolemaic system andformed correct ideas of the world of stars 
and planets surrounding us (Ref. 29). But this blossoming of precise knowledge 
still did not touch biological problems. The conception of primary spontaneous 
generation of living beings remained in full force in the minds of investigators 
of that period. 

As an example, we may point to the noted Brussels physician van Helmont 
(1577-1644). 
tion that he came close to solving the complex problem of plant nutrition, but 
at the same time he considered the possibility of spontaneous generation of 
living beings quite indisputable. Not only that, he substantiated this assump- /24 
tion by a number of observations and experiments. A.certain formula for produc- 
ing mice from grains of wheat belongs to this very van Helmont. Since he thought 
that human exhalations could serve as the generative principle, it was necessary 
to put a dirty shirt into a vessel containing wheat seeds. In twenty-one days 
"fermentation" stops, and the exhalations of the shirt together with those of 
the grain would produce living mice. Here van Helmont was particularly struck 
by the fact that these mice which he produced artificially were just like the 
natural ones coming from the parental seed (Ref. 30). Harvey (1578-1657), who 
formulated the theory of the circulation of the blood, likewise failed to deny 
spontaneous self-generation. Although the famous phrase "Every living thing 
from an egg" (Omne vivum ex ovo) belongs to him, he gave the word "eggrr here a 
very broad interpretation and considered spontaneous self-generation ("generatio 
aequivoca") of worms, insects, etc. completely possible as a result of particu- 
lar forces manifesting themselves in putrefaction and similar processes (Ref. 
31). 

He was already such a master of the methods of exact experimenta- 
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Harvey's contemporary and the father of English materialism of the seven- 
teenth century, Francis Bacon (1561-1626), advanced the same concept. In his 
works he opined that various plants and animals (e.g., flies, ants, and frogs) 
may be spontaneously generated in the putrefaction of various materials. How- 
ever, he approached this phenomenon from materialistic assumptions and saw in 
it only the proof that there is no impassable boundary between the inorganic 
and organic (Ref. 32). 

The materialistic interpretation of autogenesis found especially clear ex- 
pression in the teachings of Descartes (1596-1650) (Ref. 33). 

Although this great French philosopher considered spontaneous generation 
of living creatures as beyond question, he categorically denied the thesis 
that this generation occurs under the effect of the ''anima vegetativa" of the 
scholastics , the "archeus" of Paracelsus, the "spirit of life" of van Helmont , 
or of any other spiritual principle. In sharp conflict with the theological 
teachings and the anthropocentric tendencies of medieval physics prevailing at 
that time, Descartes attempted to reduce all of the qualitative variety of 
natural phenomena to matter and its motion. 

Viewed in this way, according to Descartes, a living organism does not 
need any special law or "vital force" to explain it. It is nothing but a very 
complex machine whose structure is completely comprehensible and whose movements 
depend exclusively on the pressure and impact of particles of matter, like the 
movements of wheels in tower clocks. 
be self-generated from surrounding lifeless matter. In particular, when moist 
earth lies in the sunlight or when putrefaction appears, all types of plants and 
animals are generated, such as worms,  flies, and other insects. The interference 
of al'spiritual principle" is not required for this. 
natural process of self-formation of complex machines -- living creatures -- a 
process which always occurs under certain conditions which, to be sure, are as 
yet poorly studied. 

Therefore, different living creatures may 125 

Autogenesis is only the 

Thus, until the middle of the seven- 
teenth century, the very possibility of 
autogenesis of living beings was doubted 
by no one. The quarrel between the mystic 
teachings of the Middle Ages and rapidly 
developing materialism dealt only with 
the theoretical treatment of this phe- 
nomenon -- whether to regard autogenesis 
as the manifestation of a "spiritual 
principle" or as the natural process of 
self-formation of living creatures. 

The investigations of living nature, 
however, which were acquiring greater and 
greater scope and precision, began to 
shake confidence in the trustworthiness 
of the very "fact" of autogenesis. 

Figure 2. Medal with Image of 
Francesco Redi. The turning point in this respect is 
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rightly considered to be the experiments of the Tuscan physician Francesco Redi 
(1626-1698) (Figure 2). He had the honor of first coming forward with experi- 
mental refutations of the belief in autogenesis which has uninterruptedly pre- 
vailed for many centuries. 
(Esperienze intorno alla generazfone degl 'insetti) (1668). , this sci.entist des- 
cribes a number of his experiments which show that maggots in meat are nothing /26 
but the larvae of flies. He put meat or fish in a large vessel covered with ' 

very fine Neapolitan muslin, and for still more reliable protection he covered 
the vessel with a framework on which muslin was stretched. Although many flies 
then lighted on the muslin, no maggots appeared in the meat itself. Redi pointed 
out that he had successfully observed how the flies laid their eggs on the mus- 
lin, but only if these eggs fell onto the meat did they develop into meat worms. 
Based on this, he came to the conclusion that putrescent substances are only 
the site or nest for the development of insects, but the necessary prerequisite 
for their appearance is the laying of eggs, without which worms are never gen- 
erated. 

In his work Experiments on the Generation of Insects 

It must not be thought that even Redi himself was completely successful 
in ridding himself of ideas about random autogenesis. Despite his brilliant 
experiments and correct interpretation of them, this scientist in other cases 
completely admitted the possibility of autogenesis, e.g., he thought that 
intestinal and wood worms were formed from decaying materials. In his opinion, 
the worms found in oak-galls were formed in just the same way from the plant 
juices. * 

This example graphically shows that a belief (although it is wrong) which 
has prevailed over the ages is not so easy to shake. Throughout the entire 
eighteenth century and even at the beginning of the nineteenth century, many 
scientists and philosophers of different specializations and schools -- and, 
even more, writers and poets -- frequently depicted in their works various 
fantastic cases of autogenesis of beasts, fish, insects, and worms, or noted 
the absolute possibility, from their point of view, of phenomena of this sort. 
Only very gradually, as the result of more precise observations of living 
nature and principally as the result of more detailed acquaintance with the 
structure of living creatures, was the impossibility of such complex formations 
being produced from structureless slime and decaying matter perceived. In 
this way it became scientifically obsolete to believe in the random autogenesis 
of all highly organized living creatures. The idea itself of primary generation 
did not disappear. On the contrary, in the eighteenth and nineteenth centuries 
it was developed further in regard to the simplest and tiniest living creatures 
-- microorganisms. 

After the Dutch scientist Anton van Leenwenhoeck (Ref. 35) (1632-17231, 
using magnifying glasses which he made with his own hands, discovered the new 
world of the tiniest living creatures invisible to the naked eye, these crea- 
tures began to be found everywhere where the putrefaction or fermentation of 
organic substances occurred. Microbes were found in different kinds of plant 
infusions and decoctions, in rotting meat, in spoiled broth, in sour milk, in 

/27 

* 
and naturalist Vallisnieri (1661-1730). 

Only later was this opinion refuted by the research of the Paduan physician 
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fermenting wort, etc. 
only to be set in a warm place for a short time and microscopic living creatures, 
which formerly wexe not there began immediately to develop in it. With the 
widespread belief at the time in autogenesis of living creatures, the opinion 
involuntarily appeared that precisely here, in the decomposing decoctions and 
infusions, autogenesis of living microbes from non-living matter was taking 
place. This idea was very authoritatively supported by the noted German philo- 
sopher Leibnitz (1646-17161 (Ref. 36) and the French naturalist G. Buffon (1707- 
1788) (Ref. 37). 

A qui.cckly spoiling or easily decaying substance had 

The Scottish priest and naturalist John Turberville Needham (1713-1781) 
(Ref. 38) even set up special experiments with the aim of demonstrating the 
"autogenesis of microbes ." 

"I took a certain amount of very hot mutton gravy directly from the fire," 
wrote Needham, "and put it in a closed vessel with the cork fitted so tightly 
that it could be considered hermetically sealed." After this Needham again 
subjected the vessel to careful additional heating in hot ashes. But despite 
all this, after several days had passed the vessel was swarming with micro- 
organisms. He made the same observations when studying different organic 
liquids and infusions. From this, he naturally drew the conclusion that auto- 
genesis of microorganisms from decaying organic substances is absolutely possi- 
ble, and even obligatory. 

These observations of Needham's, however, were subjected to savage criti- 
cism by the Italian scientist Spallanzani (Ref. 39), who, like Needham, also 
conducted experiments aimed at establishing or refuting the possibility of 
autogenesis. On the basis of these experiments, he reached directly opposite 
conclusions. 
insuffi.cient heating of the vessels containing the liquid, and consequent in- 
complete sterilization thereof. He himself conducted hundreds of experiments 
in which plant decoctions and other organic liquids were subjected to more or 
less prolonged boiling, after which the vessel containing them was sealed, 
thus preventing access to the liquids by the air, which Spallanzani believed 
was the carrier of the microorganism germs. In all cases where this operation 
was conducted with reliable care, the liquids in the vessel did not putrefy 
and no living creatures appeared in them. Spallanzani was, nevertheless, un- 
able to convince his contemporaries that he was right. 

He asserted that Needham's experiments succeeded only because of 

- 128 

The doctrine of autogenesis was defended even later by many naturalists 
and philosophers at the end of the eighteenth and beginning of the nineteenth 
centuries. It was developed, in particular, by the representatives of German 
idealistic natural philosophy. Although Immanuel Kant himself (1724-1804) 
(Ref. 40) believed that the primal internal origin of organisms lay in the 
supersensory (metaphysical) and that therefore the hypothesis of autogenesis 
was only a "bold adventure of the reason," the following natural philosophers 
-- Hegel (1770 -1831) (Ref. 41), Schelling (1775-1854) (Ref. 42), and Lorenz 
Oken (1779-1851) (Ref. 43) -- extensively developed the idea of autogenesis of 
life (generatio aequivoca) in their works. Along with these philosophical 
pronouncements, the first half of the nineteenth century also saw a series of 
experiments aimed at proving or refuting the possibility of autogenesis of 
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microbes. We must particularly note the experiments of T. Schwann (Ref. 44), 
F. Schulze (Ref. 4 5 ) ,  H. Schruder, and T. Dusch (Ref. 46). Although they all 
primarily refuted the possibility of spontaneous autogenesis, they did not have 
sufficient proof. 

In some cases, microorganisms appeared in the liquids for some reason. 
We now know that this happened because of some accidental technical error, but 
their contemporaries interpreted this differently. If desired, the appearance 
of microbes could easily be interpreted -- and in fact was interpreted -- as 
autogenesis which could occur in certain circumstances, although not always. 
These opinions were also held by such outstanding researchers as Dumas, Nageli, 
and a number of other scientists of the mid-nineteenth century. 

The conflict of opinions on the possibility o f  autogenesis of microorganisms 
reached its peak in 1859 when F. Pouchet (Ref. 4 7 )  published articles in which 
he described his experiments which seemed to show the possibility of autogenesis. 
Only about a hundred years separate us from Pouchet's experiments, but when we 
familiarize ourselves with these experiments we are involuntarily struck by 
their roughness and lack of cleanliness. However, Pouchet's work made a great 
impression on his contemporaries. 
prize for the one who could throw light on the question of the primordial gen- 
eration of living creatures by precise and conclusive experiments. The prize /2q 
was adjudicated to Louis Pasteur (1822-1895) (Ref. 48), who in 1862 published 
his work Qn random autogenesis, in which, by a series of brilliant experiments 
banishing all doubts, he proved the impossibility of microorganisms forming 
from various infusions and solutions of organic substances. Pasteur managed 
to do this only by departing from the beaten path of blind empiricism, by 
extensiyely covering the entire problem in his experiments, by giving a rational 
basis to all previous experiments, and by pointing out the sources of his pre- 
decessors' errors. He overthrew the previous idea that decaying infusions and 
decoctions give rise to microbes, and showed on the contrary that these liquids 
putrefy and ferment because of the vital activity of the microorganisms, whose 
germs were brought in from the outside. All attempts to overturn this thesis 
and discover cases of microbe autogenesis have proved to be in vain. From the 
modern point of view, this is quite understandable since microorganisms are not 
simple clumps of organic substance, as was thought before Pasteur. Detailed 
study of these primitive living creatures has shown that they possess a very 
complex and advanced organization. To now suppose that such a structure could 
be generated before our eyes from structureless solutions of organic materials 
is absolutely impossible. It is in essence just as absurd as to think that 
frogs are born of May dew or lions of desert stones. 

The French Academy of Sciences put up a 

Pasteur's research made an enormous impression on his contemporaries. 
that is understandable. The scientific feat performed by Pasteur may in essence 
be compared with that of Copernicus. In both cases, prejudices which had dom- 
inated the minds of men for thousands of years were overthrown. Nevertheless, 
these inyestigations did not represent a means of solving the problem of the 
origin of life. On the contrary, after them natural science was gripped by a 
profound crisis an this problem -- a crisis which encompassed not only the end 
of the last century, but also almost the first half of our century. The cause 
of this crisis lay not in the nature of the problem itself (as the vitalists 

And /30 
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Lazaro Spallanzani Louis Pasteur 

have tried to affirm) (Ref. 4 9 1 ,  but in the methodologically defective mechan- 
istic approach to understanding the very essence of life which prevailed in 
the natural science of this era. 

The doctrine of mechanism has never acknowledged, nor does it now acknow- 
ledge, any fundamental qualitative difference between the inorganic world and 
that of living creatures. This makes an immediate and sudden transition from 
one world to the other -- the autogenesis of living creatures -- absolutely 
necessary. The simplest organisms must be generated from lifeless matter in 
the same manner as a crystal with a definite internal structure is formed from 
the structureless mother solution. Therefore, the primordial autogenesis of 
organisms is a logically necessary consequence of mechanistic views of life /31 
(Ref. 50). This is also the explanation of the insistent and very impassioned 
attempts experimentally to discover the autogenesis phenomenon which were made , 
for a long time even after Pasteur's experiments (Ref. 51). 

All these attempts, however, came up against an absolutely impregnable 
wall of facts (Ref. 52). All reports of seemingly discovered cases of auto- 
genesis proved false. They resulted from incorrect formulation of the experi- 
ment or wrong interpretation thereof, and were refuted when checked further. 
This knocked the ground out from under the feet of those researchers who saw 
in autogenesis the only way to solve the problem of the origin of life. Deprived 
of the possibility of experimenting in this direction, they fell into deep 
disillusionment and no longer endeavored to solve this "accursed" problem, but 
merely sought some substantiation of its insolubility. 

Two opinions on this score had jelled by the beginning of our century. 
Some scientists, essentially maintaining the former positions of autogenesis, 
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considered this event not a happening governed by law, but the rarest "happy 
chancel' which could, perhaps, occur only once throughout the existence of the 
Earth and therefore cannot be repeated in experimentation. Others, on the con- 
trary, denied absolutely not only autogenesis, but even the origin of life in 
general. They tried to explain the appearance of our terrestrial life by germs 
introduced from other worlds which "may be regarded as everlasting storehouses 
of forms endowed with life, as eternal plantations of organic germs" (Ref. 53). 

On this topic, H. Helmholtz wrote (Ref. 54), "It seems to me that if all 
our attempts to create organisms from lifeless material are unsuccessful, it is 
scientifically reasonable to ask ourselves the question, 'Did life indeed ever 
originate, or is it not as old as matter?'" 

A s  early as the end of the last century, F. Engels (Ref. 55) subjected 
views of this sort to just and destructive criticism. He demonstrated that they 
confuse two completely different concepts: (1) the eternality of life as some- 
thing which never occurred, but is only successively transmitted from one or- 
ganism to another, and (2) constant, 'leternall' genesis of life as a special form 
of motion in matter, and its creation anew whenever and wherever suitable condi- 
tions are formed for this. 

We are now confident that our planet is not the only habitation of life, 132  
but that this form of the motion of matter has occurred and will occur in some 
other suitable objects in the universe. From this viewpoint, the arrival of 
living germs on Earth from other worlds, even if this were in fact discovered 
(which is very improbable), would contribute nothing toward solving the problem 
of the origin of life, since its genesis should in equal measure take place on 
Earth just as on other suitable celestial bodies. 

Nevertheless, the search for such a possible arrival of germs extensively 
occupied the minds of scientists at the end of the last and the beginning of 
this century. Mostkequently, hypotheses have been voiced that living germs 
were brought to Earth by meteorites or along with cosmic dust (the panspermia 
hypothesis). The first hypothesis was elaborated by H. Richter in 1865 (Ref. 
56), and then supported by W. Thomson (Ref. 57),  H. Helmholtz (Ref. 5 8 ) ,  and 
P. Van Tieghem (Ref. 59), and others. According to this hypothesis, meteorites 
passing through the terrestrial atmosphere are strongly heated only on the sur- 
face, while on the inside they stay cold. Therefore, the germs of organisms 
said to live on the meteorites themselves,or on the planets from which they 
were formed, are preserved in them. 

Numerous attempts to discover viable living germs, or at least their dead 
remains, directly in meteorites have yielded no positive results. S .  Meunierre 
states (Ref. 60) that even Pasteur tried to isolate viable bacteria from a car- 
bonaceous meteorite, but with negative results which he therefore did not pub- 
lish. Much later, C. Lipman reported (Ref. 61) on microbes which he isolated 
from meteorites whose surfaces were sterilized and which were capable of multi- 
plying on nutritive media. 
terrestrial ones and apparently were deposited as the meteorites fell to Earth. 
A s  recent model experiments by A .  Imshenetskiy have shown (Ref. 62), this may 
easily happen by the formation in meteorites (carbonaceous chondrites) of deep 
cracks (sometimes reaching to the very center). A s  the meteorite falls to 

However, these microbes were absolutely similar to 
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Earth, these cracks suck in water and terrestrial contaminants (not only bac- 
teria, but even the pollen of higher plants). 

In our time (1962) Nady, Claus, and Hennessy have published a report 
(Ref. 63) stating that in the carbonaceous chondrites, , Orgueil and Ivuna* 
structured formations may be detected which, in the opinion of these authors, 
are the remains of organisms that once lived on the meteoritic material, but 
this opinion was not substantiated in further, more careful checking. As M. 
Briggs (Ref. 64) and E. Anders (Ref. 65) have demonstrated, the structured form- 
ations of Nagy et al. are mineral granules which are only similar to biological 
formations in appearance. 

/33 

The second panspermia hypothesis was elaborated in detail at the beginning 
of this century by the famous Swedish physical chemist Arrhenius (Ref. 66). 
This scientist believed that living germs, together with particles of cosmic 
dust, may be transferred from one heavenly body to another under the pressure 
of light rays. Arrhenius calculated the speed at which this transfer must be 
effected and gave a number of reasons which he thought proved the possibility 
of the transfer of living germs through cosmic space in a viable condition. 
This latter assertion, however, has encountered very serious objections from 
subsequent researchers [P. Becquerel (Ref. 67),  E. Grayevskiy (Ref. 68), and 
others]. Ofparticularly grave danger to the living germs are the shortwave ultra- 
violet rays permeating interplanetary and interstellar space which are fatal to 
everything alive. Modern space flights might give a direct answer to the exis- 
tence of life beyond the confines of the Earth's atmosphere. However, as yet 
we have no positive data on this subject. 

The penetration of man into space has engendered bold hypotheses stating 
that the primordial forms of life were perhaps brought to our planet at some 
time along with cosmonauts or astronauts, higher conscious beings, who made in- 
terplanetary and interstellar voyages. But hypotheses of this sort, which are 
widely disseminated chiefly in popular and science fiction literature, have as 
yet no factual foundation. It is interesting to note that our eminent scientist 
and remarkable inventor, K. Tsiolkovskiy (Ref. 69) -- in spite of his ardent 
faith in the possibility of interplanetary journeys -- categorically denied this 
sort of artificial introduction of microbes. In a 1919 manuscript left after 
his death, Origin ___.___ and Development of Pla-nts on the Earth, we read, "My work has 
shown that any living creature may be safely sent from Earth to another planet 
and be returned artificially by special procedures, but mankind will not be able 
to achieve this for a long period of time." 
a transfer of life "with reason participating" had not occurred in the past, 
since we never have been able, and cannot now, discover traces of any higher 
living beings who have consciously journeyed across to us on Earth. "This," 
concludes Tsiolkovskiy, "means that life did not come to Earth from the planets,/34 
even by way of the reason." Now, however, that the prospect of a flight to the 
Moon and the other closest planets is already becoming real, we must be care- 
ful not to infect these celestial bodies with terrestrial organisms, since this 
infection would greatly complicate the solution of the problem of the origin of 
life beyond the Earth's confines. 

But TsTolkovskiy thought that such 

The adherents of autogenesis have, along with the assertion that this type 
of origin for primordial organLsm-s was the rarest "happy chance," also developed 
* Translator's Note: Tanganyika. Date of fall: 1938. 
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the idea that it required certain exceptional conditions, which existed at some 
past time on Earth but are now lost, for life to originate. 

This idea was again particularly clearly formulated in the second half of 
the last century by an outstanding German naturalist of' the time, E. Haeckel, 
who (Ref. 70)believed that the most primitive organisms must at some time have 
been spontaneously generated from inorganic matter as the result of the formative 
action of certain special external physical forces. This, Haeckel believed, was 
not in conflict with the fact that we do not at present observe autogenesis of 
microbes. 
the nature which surrounds us, but that they once occurred on the surface of 
our planet. 

The apparent reason for this is that now these forces are lacking in 

Haeckel himself did not consider it possible to represent these forces in 
any detail, due to the state of knowledge in his time. However, succeeding 
scientists with the same viewpoint cited in their discussions electrical dis- 
charges and ultraviolet light and special forces of chemical affinity, and later 
even the corpuscular emissions of radioactive elements, as such forces. As we 
will see below, all these factors must indeed have played the important role of 
energy swrces in the transformation of organic substances during their evolu- 
tion on the primordial Earth, but in themselves they, as such, could not of 
course have provoked the autogenesis of organisms, any more in the remote past 
than they could today. 

Therefore, all attempts to use these forces under laboratory conditions to 
reproduce the self-formation of organisms from lifeless materials naturally 
ended in complete failure. All experiments of this type to create "vivifying 
granules" [by R. Dubois (Ref. 71)], "cells" generated by radium [by M. Kuckuck 
(Ref. 72)], "plasmagenes" (Figure 3) [by A. Herrera (Ref. 7 3)] ,  or artificial 
"fungi and algae" by S .  Leduc (Ref. 74)] are extremely primitive and naive in /35 
nature. Acquaintance with them makes it to a certain degree understandable, why 
in the biological literature of the 1920's and 1930's, an extremely negative 
attitude toward this problem became established, just as toward a problem whose 
solution is not worth the time of a serious investigator. 

This was the hopeless blind alley into which the metaphysical approach to 
the problem of the origin of life led natural science. Quite different pros- 
pects for this problem opened up before scientists after employing the evolu- 
tional method of solution. 

The significance of this method for the problem which interests us was 
first evaluated by Lamarck (Ref. 75). In his work, An Analytic System of Posi- 
tive Knowledge of Man (1820), he regarded the origin of life from the inanimate 
as a process of gradual development of matter. 

In the 1870"s Engels (Ref. 55) pointed to the evolutionary development of 
matter as being conclusively the only possible method by which life originated. 
Life, according to Engels, does not exist 
spontaneously; it arises in the evolution 
when the necessary conditions are created 

This profoundly meaningful thesis of 

forever nor does it suddenly generate 
of matter everywhere and at all times 
for this type of evolution. 

Engels' was not, however, sufficiently 
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Figure 3. A. Herrera's Artificial r'Cellsr' 

widely reflected in the works of the naturalists of his time. 
them, and then only in general terms, declared the significance of the evolu- 
tionary principle for solving the problem of the origin of life. Here we may 
note the statement of the eminent Russian botanist and cytologist V. Belyayev 
in the University of Warsaw in 1893 (Ref. 76), and in particular the speech 
given by Sir. E. A. Schafepat the annual meeting of the British Federation in 
Dundee in 1912 (Ref. 77). Touching on the problem of the origin of life, 
Schafer said in thisspeech, "We not only have the right, but are even forced 
to believe that living matter in the past owed its origin to causes which, in 
nature, are analogous to those which have acted in the formation of all other 
forms of matter in the universe, in other words, to the process of gracual evolu- 
tion .... Looking at the evolution of living matter from the standpoint of, and 
in the light of, evolution of matter in general, we become convinced that this 
living matter did not arise from a sudden transformation caused by a natural or 
supernatural force, but by a gradual modification process . . . . ' I  

Only very few of /36 

K. Timiryazev (Ref. 79) had a very high estimation of these statements by 
Schafer, and completely associated himself with the latter. 
himself, nor any other of the scientists of the time could in any way specifical- 
ly elaborate upon the course of the evolution which they declared. 
trary, Schafer felt that this type of elaboration could not be achieved at the 
present level of knowledge. 

But neither Shafer 

On the con- 

The main obstacle which immediately appeared to blockany attempts at specific 
representation of evolution as the progenitor of life was the conviction, which 
was common at that time, that organic substances could, and in fact always did, 
come into being only biogenically by the intermediation of organisms. 

At the turn of the century, to be sure, the experiments of F. Wijhler (Ref. 
79) , A. Butleroff (Ref. 80)  , M. Berthelot (Ref. 81), and an entire galaxy of 
other chemists . dealing with the artificial ... __ synthesis of organic substances were 
* Translator's Note-: Generally known in- scientific circles as E.A. Sharpey-Schafer. 
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already well known, but this in no way shook the above convictions. It was 
considered that in this case these syntheses were also accomplished by a living 
being -- by man, who consciously reproduces a specific sequence of chemical re- 
actions which are lacking under natural conditions outside of living beings. 

Moreover, all direct observations under natural conditions always consonant- 
ly and unambiguously revealed exclusively only the biogenic formation of organic 
substances on the Earth's surface. 
today only because of the organic substances whose formation has resulted from 
the vital activity of organisms, in the process of photosynthesis or chemosyn- 
thesis of green plants or of specific bacteria. 
fossil substances of petroleum and coal also primarily bear the biogenic stamp 
of their origin, since they are principally products of the profound disintegra- 
tion and transformation of the remains, buried in the Earth's crust, of organisms 
which at one time existed upon it. Hence the conclusion was drawn that formation 
of organic substances under natural conditions is generally possible only by 
means of organisms (biogenically). Convictions of this sort naturally created 
seemingly unconquerable difficulties on the road toward solving the problem of 
the origin of life. Organic substances provide the basis of the material sub- 
strate of all living beings. Without them there is no life on our planet, since 
only the regular interaction of these substances can determine a certain dynamic 
organization of living bodies in time and can comprise the essence of the bio- 
logical metabolism of materials. Therefore, it is understandable that a study 
of the evolution of matter, on the road toward the origin of life, must begin 
by solving the problem of how the most primitive representatives of organic com- 
pounds were formed in the beginning. But if these substances may be formed 
under natural conditions only in the vital activity of organisms, we involun- 
tarily enter upon a vicious circle from which there seems to be no exit. 

All people now living on our planet exist 

Not only that, but the organic 137 

In my report given at the Russian Botanical Society in 1922 (Ref. 8 3 ) ,  I 
endeavored to show that such a "desperate" situation is created only when we 
restrict our studies to the situation existing on the Earth in our era. If, 
however, we expand the circle of our investigations, proceed beyond the con- 
fines of our planet, and become acquainted with facts relative to other heaven- 
ly bodies, the result will be different. 

Investigations of this sort show that in many varied objects in our stellar 
world, we may detect the simplest organic substances, which indubitably arose 
with no connection at all to life (abiogenically). 
our planet likewise was no absolute exception in this connection, and that the 
abiogenic formation of organic substances occurred when the Earth was still 
lifeless, and that only later, with the development of life, was this process 
overshadowed by more rapid and extensive biogenic syntheses. 

This forces us to assume that 

The year 1924 saw the publication of my little book The Origin of Life 
(Proiskhozhdeniye zhizni) (Ref. 8 3 ) .  In it for the first time (of course, still 
very much in outline) I set forth the views which I gave in more elaborated form 
in subsequent editions (Ref. 8 4 ) .  In it I particularly attempted to demonstrate 138 
the possibility of primordial abiogenic formation of the simplest organic sub- 
stances -- the hydrocarbons -- on our planet. The evolution of these substances 
had to lead to the formation of protein-like compounds, and then to colloid 
systems capable of graduaily improving their internal organization by the 
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operation of natural selection. 

Somewhat later (1929), an article was published by J. B. S. 
85) which was very significant in the development of research on 
life. In this article the author also demonstrated that organic 
were generated before the formation of primordial organisms, and 
oped evolutionary views of this process. 

Haldane (Ref. 
the origin of 
substances 
he also devel- 

The concept of the primitive formation of organic substances on Earth began 
to spread more and more widely in scientific circles, particularly after hydro- 
carbons were discovered to be present in the atmosphere of the large planets 
and their satellites, in interstellar gas-dust matter, and in other objects in 
space. This was greatly assisted by the work of a number of astronomers, physi- 
cists, chemists, and geologists. Here in particular, we should note the book 
by H. Urey, The Planets, Their Origin-and Development (Ref. 8 6 )  and that by 
J. Bernal, The Physical Basis of Life (Ref. 87). 

Solution of the problem of the subsequent evolution of primordial carbon 
compounds on our planet, and their transformations under the conditions of the 
Earth’s ancient hydrosphere and atmosphere, was aided by numerous experiments 
reproducing these conditions in the laboratory. These experiments were success- 
fully begun by the American scientist S. Miller (Ref. 8 8 ) ,  who obtained amino 
acids -- those most important components of the protein molecule -- in the ac- 
tion of silent discharges into a gaseous mixture consisting of methane, ammonia, 
hydrogen, and water vapor. T. Pavlovskaya and A .  Pasynskiy (Ref. 89) similarly 
synthesized amino acids under the influence of shortwave ultraviolet light. 

Subsequently, investigations of this sort began to be performed by many 
scientists in several countries in the world. We will describe these studies 
in detail in the following discussion. Here it need only be noted that these 
experiments synthesized a large number of different substances -- as well as 
their polymers which were similar to proteins, nucleic acids, etc. -- from primi- 
tive carbon compounds. At the same time, extensive studies on the primary for- 
mation of multimolecular structures from these polymers, the occurrence in them 
of primitive metabolism, etc., were made. 

In the middle of our century there has therefore occurred a decisive turn-139 
ing point in the attitude of naturalists toward the problem of the origin of 
life. 

Previously, this problem -- if we may so express ourselves -- was under a 
ban, and there were very few works on it in scientific literature of the time, 
having in most cases only a general, speculative nature. In contrast to this, 
the number of studies in the last 10 to 15 years in the field in which we are 
interested has risen steeply, with the result that the need has even been created 
of uniting researchers in the different specialties and of correlating their 
work. A union of this sort was accomplished at the Moscow Symposium on the 
Problem of the Origin of Life, convened in 1957 by the Academy of Sciences USSR, 
on the initiative of the International Biochemical Union (Ref. 9 0 ) .  

This symposium played an important role in advancing us farther toward a 
solution of the problem of the origin of life. It not only summarized the 
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! 
previous research, but also indicated ways to coordinate the work of scientists 
in different countries and specialties. 

A worthy continuation of the Moscow Symposium was the Conference on the 
"Origin of Prebiological Systems," organized in the village of Wakulla Springs, 
Florida, in 1963 (Ref. 91). This conference showed that the problem of the 
origin of life had progressed beyond the stage of general speculative considera- 
tions. 
tific observations and experiments. 
hopeless attempts to discover sudden autogenesis of organisms, as was previously 
the case, but to study and experimentally reproduce completely possible phenomena, 
which are even necessarily specified by a law, occurring in the evolutionary 
development of matter. 

Its solution is now being effectuated on the basis of rigorously scien- 
Moreover, it is no longer a question of 

To be sure, we are presently unable to detect the primitive origin of life 
in the natural conditions surrounding us, since the evolutionary process of 
carbon formations had an irreversible, unidirectional nature. We are also in- 
capable of artificially reproducing this entire process as a whole in the form 
in which it arose in nature, since it spread over more than a billion years, but 
the separate stages in this process are quite accessible to objective scientific 
investigation. At present, the following three methods are being successfully 
employed for that purpose. 

1. Discovery and study of the separate links in the evolutionary process 
under natural conditions, in the case where these conditions are right now the 
same as they were in the era before ours, i.e., before the development of life.140 
This research method extends not only to our planet, but also to other objects 
in the universe, whose study is assuming for us more and more significance as 
man penetrates space. 

2. Artificial reproduction in the laboratory of the conditions which pre- 
vailed on the still lifeless Earth at individual stages in the evolution of 
carbon compounds. The study of the processes occurring under these conditions 
(synthesis of more and more complex organic compounds and formation of multi- 
molecular systems from them), and, finally, the formulation and study of models 
of these systems and processes. 

3. Comparative biochemical investigations of modern organisms which are 
These investigations make it possible to on different levels of development. 

clarify the evolutionary order of metabolism and its earliest links occurring in 
the very process by which life was established. The data thus derived are those 
from which the formulation of artificial models, provided with progressively 
more complex metabolism, must start. 

The advances already made at present on the road toward employing these 
methods foster the hope that the time is not distant when the simplest forms of 
life may be artificially reproduced by simulating in accelerated form the entire 
process by which life developed, and replacing protracted natural evolution by 
the conscious construction of systems and specific combination of processes 
which were at one time successive links in the evolutionary chain. But this 
first of all means that we must have at our disposal accurately established and 
experimentally verified data on the sequential course of evolution, in the form 
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in which it occurred under natural conditions on the surface of our planet. 
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11. I N I T I A L  STAGES I N  THE DEVELOPMENT OF CARBON COMPOUNDS 

The f ind ings  of modern astronomy d i s c l o s e  t h e  amazing i n t e r r e l a t i o n s h i p  
between t h e  e n t i r e  g a l a c t i c  system as a s i n g l e  whole. 
universe  now appears t o  us as a u n i f i e d  process  of evolu t ion ,  i n  which each 
successive s t a g e  is indisso lubly  connected t o  t h e  preceding and may be under- 
stood by studying t h i s  preceding s tage .  Not very long ago, when t h e  s u b j e c t  of 
t h e  o r i g i n  of l i f e  was discussed it  w a s  assumed as a matter of course t h a t  
p l a n e t s  l i k e  t h e  Earth e x i s t e d  and had c e r t a i n  dimensions and a c e r t a i n  chemical 
composition. However, w e  now know t h a t  t h e  ex is tence  n o t  only of t h e  Earth,  bu t  
a l s o  of many of t h e  elements needed i n  i t s  formation had t h e i r  own beginning, 
t h e i r  own h i s t o r y  of development, and may be understood only by knowing t h e  
e n t i r e  developmental h i s t o r y  of t h e  s t e l l a r  universe.  

/44 
The evolu t ion  of t h e  

This s o r t  of knowledge r e q u i r e s  t h a t  t h e  human mind p e n e t r a t e  unimaginable 
depths of t i m e  and s tudy events  from which w e  a r e  separated by many b i l l i o n s  of 
years .  
lish geologica l  and astronomical t i m e  i n  a b s o l u t e  u n i t s  of measurement ( in  years ,  
m i l l i o n s  .or b i l l i o n s  of y e a r s ) .  

This became p o s s i b l e  only a f t e r  o b j e c t i v e  methods w e r e  found t o  estab- 

F i r s t  of a l l  t h e  phenomenon of spontaneous r a d i a c t i v e  decay of heavy /45 
elements, always proceeding a t  a uniform rate regard less  of any e x t e r n a l  con- 
d i t i o n s ,  was u t i l i z e d  as t h e  s tandard needed f o r  t h i s .  

The per iod of this decay i s  propor t iona l  t o  t h e  number of t h e  p a r e n t a l  
atoms. 
be expressed by t h e  t e r m  "ha l f - l i fe"  of t h e  given i s o t o p e ,  i . e . ,  t h e  t i m e  during 
which any number of i t s  atoms decays t o  h a l f  of i t s  o r i g i n a l  value.  

Therefore,  t h e  decay constant  of a p a r t i c u l a r  r a d i o a c t i v e  i s o t o p e  may 

The per iods of half-decay of t h e  d i f f e r e n t  i so topes  vary t o  a g r e a t  degree 
-- sometimes t h e s e  per iods  a r e  very s h o r t ,  but  t h e r e  a r e  i so topes  whose decay 
per iods a r e  measured i n  b i l l i o n s  of years .  Thus, f o r  example, t h e  half-decay 
period of uranium of atomic weight 238 i n  i t s  conversion t o  t h e  lead  i so tope  
having an atomic weight 206 i s  four  and a ha l f  b i l l i o n  years .  By determining 
t h e  r e l a t i v e  content  of t h e s e  i so topes  i n  p a r t i c u l a r  rocks,  w e  can d e r i v e  a 
r a t h e r  accura te  i d e a  of t h e  t i m e  i n t e r v a l  which has  passed s i n c e  t h e  formation 
of t h i s  rock from t h e  moment i t  s o l i d i f i e d  o r  c r y s t a l l i z e d .  I n  a d d i t i o n  t o  
the t r a n s i t i o n  of uranium i n t o  lead ,  o ther  i s o t o p i c  t ransformations are exten- 
s i v e l y  used t o  measure geologica l  t i m e  -- such as, f o r  example, t h e  t r a n s i t i o n  
of thorium 232 i n t o  lead 208 ,  of potassium 40 i n t o  argon 4 0 ,  of rubidium i n t o  
s t ront ium, etc. (Ref. 1 ) .  

This method i s  now widely appl ied t o  determine t h e  age of i n d i v i d u a l  
s e c t o r s  of t h e  Ear th ' s  c r u s t .  
t h e  United S t a t e s ;  I n d i a ,  and South Afr ica  show t h a t  i t  has been about 3.5 
b i l l i o n  years  s i n c e  t h e  t i m e  they s o l i d i f i e d .  I n ' p a r t i c u l a r ,  determinat ion of 
t h e  r a d i o a c t i v e  age of t h e  o l d e s t  rocks of t h e  Kola Peninsula  g ives  a f i g u r e  
of 3.6 b i l l i o n  years  (Ref. 2) .  Determinations of t h i s  s o r t  s t i l l  do not  enable 
us ,  however, t o  o b t a i n  a c l e a r  idea  of t h e  age of our p lane t  i t s e l f ,  s i n c e  t h e  
E a r t h ' s  c r u s t  which we examine must have undergone numerous changes and o f t -  
repeated l o c a l  mel t ings assoc ia ted  with t h e  convection of matter and hence w i t h  
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a change i n  t h e  i s o t o p e  r a t i o .  

There i s  no doubt t h a t  t h e  Earth a s  a p l a n e t  must have been formed consider- 
ably earlier than t h e  o l d e s t  l a y e r s  of i t s  c r u s t ,  s i n c e  a c e r t a i n  time i n t e r v a l  
w a s  required f o r  t h e i r  f i n a l  hardening (Ref. 3). 

It is  a t  p resent  assumed t h a t  c e r t a i n  i n d i c a t i o n s  i n  t h i s  respec t  must b e  
obtained by determining t h e  r a d i o a c t i v e  age of meteor i tes  which have f a l l e n  on 
t h e  Earth.  
a s t e r o i d s  (Ref. 4 ) .  These a s t e r o i d s  are very small  -- s e v e r a l  hundreds of 
ki lometers  i n  diameter -- which excludes t h e  p o s s i b i l i t y  of g r a v i t a t i o n a l  
hea t ing  i n  them and favors  r a p i d  emission of t h e  h e a t  of r a d i o a c t i v e  decay. 

These bodies  from space r e s u l t  from t h e  s h a t t e r i n g  of c o l l i d i n g  
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Asteroids  must t h e r e f o r e  have had a very simple thermal h i s t o r y  i n  compari- 
son t o  p l a n e t s  l i k e  t h e  Earth.  

They could n o t ,  a s  a r u l e ,  have been subjected t o  volcanic  mel t ing,  nor  
could t h e r e  have occurred i n t e r n a l  convection of m a t t e r ,  s i l i ca te  t r a n s f e r ,  
l i b e r a t i o n  of gases ,  etc.  Moreover, t h e  rap id  s o l i d i f i c a t i o n  of t h e  a s t e r o i d  
m a t e r i a l  apparent ly  had taken p lace  soon a f t e r  s e p a r a t i o n  of t h e  p lane tary  
coagulat ions i n  t h e  gas and dus t  nebulae which engendered t h e  s o l a r  system. 
Therefore,  t h e  r a d i o a c t i v e  age of meteor i tes  can now be equated wi th  t h e  age of 
p lane tary  m a t t e r .  Direct da t ings  by t h e  r a d i o a c t i v e  method have shown t h a t  
many of t h e  meteor i tes  s o l i d i f i e d  f o u r  t o  4 . 4  b i l l i o n  years  ago (Ref. 5 ) .  
However, t h e  so-called lead  method e s t a b l i s h e s  t h e  t i m e  elapsed s i n c e  t h e  
p r i n c i p a l  consol ida t ion  of m e t e o r i t e  material a t  4 . 6  b i l l i o n  years .  
(Ref. 6 )  assumes t h a t  t h e  age of t h e  Earth may a l s o  be determined by t h i s  method 
-- t h e  thermal processes ,  displacement of rocks,  and gas l o s s e s  notwithstanding. 
It i s  i n t e r e s t i n g  t h a t  t h i s  age i s  found by Pa t te rson  t o  be 4.55 b i l l i o n  years ,  
i . e . ,  i t  very c l o s e l y  matches t h e  age determined by meteor i te  i n v e s t i g a t i o n .  
F. Whipple, t o  be s u r e ,  no tes  (Ref. 7)  t h a t  t h e  p o s s i b i l i t y  i s  not  excluded t h a t  
the Ear th  and t h e  bodies which generated t h e  meteor i tes  may have s o l i d i f i e d  
somewhat earlier.  

C. P a t t e r s o n  

A d e t a i l e d  s tudy of t h e  content  i n  m e t e o r i t i c  m a t t e r  of i n d i v i d u a l  char- 
acter is t ic  i so topes  provides a b a s i s  f o r  be l iev ing  t h a t  t h e  formation of t h e  
Sun and p l a n e t s  i n  the gas and dus t  nebulae which bred them involved some process  
which led  t o  t h e  formation of t h e  heavies t  elements, including r a d i o a c t i v e  ones.. 

The  f a c t  is. that a s tudy of uranium iso topes  as e a r l y  as t h e  1920's per- 
mi t ted  E. Rutherford CRef. 8) t o  make an attempt a t  determining t h e  t i m e  of 
formation of t h e s e  elements. Rutherford 's  research ,  and i n  our t i m e  t h a t  of 
W. Fowler (Ref. 91, V. Baranov (Ref. l o ) ,  and a number of o ther  au thors  demon- 
s t r a t e d  that r a d i o a c t i v e ,  and consequently a l l  heavy elements included i n  t h e  
composition of the Ear th  and o ther  p l a n e t s  of t h e  s o l a r  system themselveq w e r e  
formed no e a r l i e r  than some 5-5.5 b i l l i o n  years  ago. 

T h i s  w a s  confirmed i n  t h e  work of E. Anders (Ref. 111, I. Reynolds 
(Ref. 12), and o t h e r s  wi th  rad io iso topes  which have a s h o r t e r  h a l f - l i f e ,  e .g . ,  
iodine-129 ( h a l f - l i f e  12.7 m i l l i o n  y e a r s ) .  These works made it p o s s i b l e  t o  
determine t h e  t ime i n t e r v a l  between t h e  formation of t h e s e  i so topes  and t h e  
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formation of the Earth. It proved to be small and lay between one or several 
hundred million years. Consequently, the age of the heavy elements without 
which the formation of planets like the Earth is inconceivable does not far ex- 
ceed the age of our planetary system, which was formed soon after these elements 
appeared in cosmic space. Their formation, however, does not represent the 
limit of those depths of time we can now determine. It may now be assumed that 
the process of stellar formation is continuously going on in our galactic system 
(Ref. 13). It is somewhat tentatively assumed that our galaxy consists of five 
different types of stellar population differing from each other in chemical 
composition, distribution of matter, internal motion, and absolute age (Figure 4 ) .  
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Figure 4 .  Nebula of Andromeda -- A Star Cluster 
Resembling Our Galaxy 

To the first, most ancient type belong the stars whose age is near that of 
our galaxy as a whole. Based on a number of data the age of our galaxy has 
recently been found by W. Fowler (Ref. 14) and F. Hoyle (Ref. 15) to be from 
12 to 20 billion years. The oldest stars of our galaxy are members chiefly 
of its central regions and comprise globular clusters. The greatest number of 
younger stars belongs to the disk system of the galaxy. Among them is our Sun 
in particular, which belongs among the stars of the third generation. 
Brownlee and A.  Cox after making a detailed computation of the evolutional devel- 
opment of our luminary (Ref. 16), find its age to be in the vicinity of five 
billion years (i.e., within the time when our galaxy had already long been 
formed). The Sun’s age therefore is somewhat greater than that of the Earth 
or of meteorites found by the radioactive method. 
even younger stellar populations, including, i n  particular, the stars located 
in the immediate vicinity of the spiral arms of the galaxy. 

- 148 

R. 

Our galaxy also contains 
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The r e s u l t s  given by a comparison of t h e  o ld  and r e l a t i v e l y  young s t e l l a r  
generat ions are very i n t e r e s t i n g .  The s t a r s  of t h e  g lobular  c l u s t e r s  -- t h e s e  
most ancient  o b j e c t s  i n  t h e  galaxy -- have a f a r  g r e a t e r  content  of hydrogen 
as compared t o  m e t a l s  than i s  t h e  case i n  t h e  younger s t a r s ,  al though it  would 
s e e m  t h a t  t h e  longer a s tar  had e x i s t e d ,  t h e  g r e a t e r  should be t h e  "combustion" 
of hydrogen i n  i t .  This g r a p h i c a l l y  demonstrates t h a t  t h e  pr imordial  medium 
from which stars of t h e  f i r s t  generat ion w e r e  formed cons is ted  almost exclu- 
s i v e l y  of hydrogen, bu t  t h e  stars of l a t e r  generat ions -- including our Sun i n  
p a r t i c u l a r  -- w e r e  on t h e  o t h e r  hand formed from a mixture of l i g h t  and heavy 
elements. Consequently, t h e  l a t te r  w e r e  formed i n  t h e  galaxy a f t e r  i t s  f i r s t  
s te l lar  populat ion had been or ig ina ted .  

Without t h e  p a r t i c i p a t i o n  of heavy elements, however, p l a n e t s  of t h e  ter- 
res t r ia l  type could not  have a r i s e n .  

Bodies of s u f f i c i e n t l y  l a r g e  m a s s  -- l i k e  stars -- can be formed s o l e l y  
of l i g h t  elements, even almost e n t i r e l y  of pure hydrogen. 
w a s  a l s o  t h e  case a t  t h e  very beginning of t h e  g a l a c t i c  system. 
q u i t e  s t a b l e ,  and with s u f f i c i e n t  d e n s i f i c a t i o n  very simple thermonuclear 
r e a c t i o n s  a r e  developed which involve t h e  t ransformation of hydrogen i n t o  helium 
and which-serve a s  a source of s t e l l a r  energy. But t h e  ex is tence  of bodies of 
t h e  s i z e  of our Ear th  formed of pure hydrogen i s  q u i t e  inconceivable ,  s i n c e  
t h e  mass of t h e s e  bodies i s  n o t  g r e a t  enough t o  keep hydrogen from d i s s i p a t i n g  
i n  cosmic space. Hence, it may b e  concluded t h a t  i n  t h e  f i r s t  b i l l i o n s  of y e a r s  
t h a t  our galaxy e x i s t e d ,  when a s u f f i c i e n t  amount of heavy elements had n o t  y e t  
managed t o  form, p lane tary  systems l i k e  our modern one could not  have e x i s t e d ,  
and t h e r e f o r e  n e i t h e r  could l i f e  ( o r i g i n a t i n g  as t h e s e  p l a n e t s  evolved) have 
ex is ted .  The conclusion must then be drawn t h a t  d i s t r i b u t i o n  of l i f e  i n  t h e  
universe  i s  r e s t r i c t e d  merely t o  s t e l l a r  populat ions of l a t e  enough types t h a t  
they had a t  t h e i r  d i s p o s a l  a l l  t h e  elements of t h e  p e r i o d i c  system. 
t h e  cosmic h i s t o r y  of t h e  o r i g i n  of l i f e ,  w e  must t h e r e f o r e  f i r s t  o f  a l l  form a 
concept of when and how t h e s e  elements could form i n  our galaxy (Ref. 1 7 ) .  

This i n  a l l  p r o b a b i l i t y  
Such a m a s s  i s  
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I n  s tudying 

This quest ion s t i l l  cannot be s o  e a s i l y  answered. I n  1959 a s p e c i a l  
I n t e r n a t i o n a l  Symposium was devoted t o  i t  i n  Liege,  where 0. Struve (Ref. 18) 
and A.  Cameron (Ref. 1 9 )  gave summaries of t h e  modern s ta te  of  knowledge on t h e  
chemical eyolut ion of s t a r s .  Cameron indica ted  p o s s i b l e  processes of element 
formation (nucleosynthesis) :  one w a s  s t a b l e  and involved t h e  mechanism of 
s te l la r  r a d i a t i o n  i n  s t a b l e  stars, and t h e  o ther  was uns tab le  and involved t h e  
f lares  of supernovae. 

T h e  nucleosynthesis  of l i g h t  elements i s  exoergic  i n  nature .  The l i b e r a t e d  
energy r e s u l t i n g  from i t  a l s o  provides t h e  s te l lar  r a d i a t i o n .  
s t a t i c  repuls ion  when hydrogen n u c l e i  combine i s  r e l a t i v e l y  s l i g h t ,  t h e  t rans-  
formation of hydrogen i n t o  helium may proceed a t  temperatures of "onlytt a m i l l i o n  
degrees.  
a lone ,  and may begin a f t e r  this sphere reaches t h e  i n d i c a t e d  temperature because 
of compression and t h e  l i b e r a t i o n  of g r a v i t a t i o n a l  energy. I n  c o n t r a s t  t o  t h i s ,  
a temperature on t h e  order  of s e v e r a l  b i l l i o n  degrees is needed t o  genera te  t h e  
heavies t  elements and t h e  r a d i o a c t i v e  elements. Such a temperature i s  n o t  found 
i n  t h e  i n t e r i o r  of s t a b l e  stars, b u t  occurs only i n  the f l a r e s  of supernovae. 

Since e l e c t r o -  

It is  p o s s i b l e  i n  a cont rac t ing  gaseous sphere  cons is t ing  of hydrogen 
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Therefore,  t h e  r a d i a t i o n  of s t a b l e  s t a r s  comprising t h e  main sequence of 
t h e  Hertzsprung-Russell diagram (Figure 5) i s  maintained by t h e  s implest  nuc lear  
r e a c t i o n s  of t ransformation of hydrogen i n t o  helium, f i r s t  by way of  deuterium, 
and then with carbon as a c a t a l y s t .  
up, t h e  star travels down t h e  main sequence curve and i s  r a t h e r  r a p i d l y  t rans-  
formed i n t o  a red  g i a n t .  
w i t h  carbon i n  i ts  nucleus (Ref. 20). The formation of t h e s e  elements is ,  how- 
ever, l i m i t e d  here  only t o  comparatively moderate series of numbers, c h i e f l y  up 
t o  neon-20 o r  magnesium-22, bu t  n e i t h e r  can they be e j e c t e d  by t h e  s t a r  i n t o  
surrounding space. 

Subsequently, as t h e  hydrogen is  burned 

Heavier elements cannow b e  formed from helium toge ther  
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Figure 5. D i s t r i b u t i o n  of Stars of D i f f e r e n t  
S p e c t r a l  Classes i n  t h e  Hertzsprung-Russell Diagram 

Cameron t h e r e f o r e  b e l i e v e s  t h a t  formation of a l l  elements of t h e  p e r i o d i c  
system ( including t h e  heavy r a d i o a c t i v e  elements) i s  p o s s i b l e  only i n  t h e  f l a r e s  
of supernovae. These c a t a s t r o p h i c  s t e l l a r  explosions occur i n  our galaxy about 
every t h r e e  hundred years .  They a r e  assoc ia ted  with t h e  evolu t ion  of "bil l ion-de- 
gree" temperatures and tremendous, although shor t - l ived ,pressures .  I n  t h i s  process ,  
an  enormous amount of energy i s  l i b e r a t e d ,  and t h e r e  i s  a g i g a n t i c  e j e c t i o n  of 
matter outwards, i n  which t h e  s t a r  l o s e s  a mass comparable t o  t h a t  of t h e  Sun 
i n  a s h o r t  time. 
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The r e l a t i v e l y  l i g h t  elements i n  t h e  s te l la r  material r a p i d l y  
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i n c r e a s e  t h e i r  atomic weight by captur ing t h e  neutrons ripped from t h e  s te l la r  
nucleus.  
P a r t  of t h e  s te l lar  m a t t e r  i s  s c a t t e r e d  i n  a l l  d i r e c t i o n s  by shock waves, and 
enr iches  t h e  surrounding space with the  heavy elements thus formed. 
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I n  t h i s  way t h e  heavies t  elements of t h e  p e r i o d i c  system are generated.  

V.  Fesenkov develops t h i s  t h e s i s  (Ref. 21), and on t h e  b a s i s  of profound 
research  i n t o  t h e  i s o t o p i c  composition of m e t e o r i t i c  m a t t e r  arrives a t  t h e  
convict ion t h a t  t h e  Sun and t h e  p lane ts  surrounding i t  w e r e  formed i n  a s i n g l e  
process  assoc ia ted  wi th  t h e  f l a r e  of a supernova i n  t h i s  region of t h e  galaxy. 
This f l a r e  occurred about f i v e  b i l l i o n  years  ago. It provided t h e  s o l a r  system 
which w a s  being formed wi th  heavy elements, enr ich ing  i t  i n  t h i s  respec t  as 
compared wi th  t h e  stars formed before  t h e  Sun. A t  t h e  same time, t h e  supernova 
f l a r e  w a s  attend.ed by far-spreading shock waves which w e r e  a b l e  t o  compress t h e  
i n t e r s t e l l a r  m a t t e r  i n  a p r o t o s o l a r  gas-dust cloud, d i s t u r b  its g r a v i t a t i o n a l l y  
uns tab le  state,  and serve as an impetus t o  t h e  subsequent formation of t h e  Sun 
and p lane ts .  S i m i l a r  supernova f l a r e s  must have repeatedly happened i n  our 
galaxy both before  and a f t e r  t h e  s o l a r  system arose.  To i l l u s t r a t e  t h e  conse- 
quences of such events ,  Fesenkov p o i n t s  ou t  t h e  region of t h e  c o n s t e l l a t i o n  
Cygnus which i s  occupied by an e n t i r e  system of f i lamentary nebulae (Figure 6 ) .  
Studies  of d i f f e r e n t  photographs of t h i s  reg ion ,  made a t  an i n t e r v a l  of h a l f  a 
century,  showed t h a t  t h e s e  f i laments  a r e  d i s p e r s i n g  a t  a considerable  v e l o c i t y  
from some common center  which proves t o  be a source of radio-emissions. Fesenkov 
i n t e r p r e t s  t h i s  s o r t  of phenomenon as proof of t h e  explosion of a supernova a t  
t h i s  po in t  i n  t h e  galaxy i n  t h e  p a s t .  

The Mountain Astrophysical  Observatory of t h e  Astrophysical  I n s t i t u t e  of 
t h e  Academy of Sciences of t h e  Kazakh SSR a l s o  discovered a s m a l l  number of 
star chains  among t h e s e  f i lamentary nebulae.  
generated formations,  each cons is t ing  of stars resembling each o t h e r  i n  s i z e  and 
co lor  and occurr ing  a t  t h e  same s t a g e  of evolut ion.  
time," w r i t e s  Fesenkov, " these uns tab le  s tar  chains  w i l l  cease t o  e x i s t  as 
such. The stars composing them w i l l  d i s p e r s e ,  they w i l l  l o s e  a l l  connection 
with each o t h e r ,  and w i l l  t r a v e l  independent, bu t  s i m i l a r ,  evolut ionary paths." 
Fesenkov t h e r e f o r e  a s s o c i a t e s  t h e  o r i g i n  of t h e  s o l a r  system with t h e  b u r s t  of 
a supernova s h o r t l y  before  t h e  formation of t h i s  system. 

These chains  a r e  uns tab le ,  recent ly-  

"In a comparatively s h o r t  

- I 5 3  

This supernova caused l o c a l  condensations (extending t o  t h e  formation of 
s t a r s )  i n  t h e  surrounding gas-dust medium, and simultaneously determined t h e  
nucleosynthesis  of heavy elements needed f o r  p l a n e t s  of t h e  terrestr ia l  type.  

D. Frank-Kamenetskiy v i s u a l i z e s  (Ref. 22) t h e  nuc lear  t ransformations 
occurr ing during t h e  formation of our s o l a r  system i n  a d i f f e r e n t  way. This 
author  has  now f o r  a number of years  been poin t ing  out  t h e  poss ib le  s i g n i f i -  
cance of "cold" processes  f o r  t h e  formation of elements. I n  t h i s  case, t h e  
nuclear  p a r t i c l e s  r e c e i v e  t h e  energy they need f o r  nucleosynthesis  n o t  from 
hea t ing  (which r e q u i r e s  "multimill ion" and "bil l ion-degree" temperatures) , b u t  
from d i r e c t  a c c e l e r a t i o n  i n  t h e  shock waves and magnetic f i e l d s .  

During t h e  genes is  of t h e  s o l a r  system, our Sun w a s  i n  a s t a g e  of gravi-  
t a t i o n a l  condensation, i n  i t s  s t a g e  of condensation from a gas-dust cloud. It 
w a s  s t i l l  a very  young star and, Frank-Kamenetskiy b e l i e v e s ,  a t  t h a t  time it  
might have been grouped with t h e  observed and now young s t a r s  of t h e  T Taurus 
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type. 
pecul ia r  non-thermal r a d i a t i o n  -- d i r e c t  evidence t h a t  t h e  e l e c t r o n s  here  g e t  
t h e i r  energy not  from hea t ing ,  but  from c e r t a i n  "cold" processes .  This ind i -  
cates t h e  p o s s i b i l i t y  of t h e  same s o r t  of a c c e l e r a t i o n  f o r  nuc lear  p a r t i c l e s .  
Therefore,  t h e  v i o l e n t  motions i n  t h e  young s tar  plasma, causing shock waves 
and v a r i a b l e  magnetic f i e l d s  t o  form, h e r e  c r e a t e  condi t ions  f o r  t h e  "cold" 
synthes is  of elements. 

These s t a r s  are i n  a s ta te  of v i o l e n t  a c t i v i t y .  Their  s p e c t r a  r e v e a l  a 
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Comparing d a t a  der ived from a s tudy  of t h e  i s o t o p e  content  of a number of 
elements ( p a r t i c u l a r l y  l i t h i u m ,  beryl l ium, and boron) i n  t h e  Ear th ' s  c r u s t ,  
meteor i tes ,  t h e  Sun, and young stars,Frank-Kamenetskiy a r r i v e s  a t  t h e  conclu- 
s i o n  t h a t  p lane tary  systems are born j u s t  when t h e  star i s  passing through t h e  
T Taurus s t a g e  of i t s  evolut ion.  When observing t h e  v i o l e n t ,  moving phenomena 
of non-thermal luminosi ty  i n  these  stars," h e  w r i t e s ,  "we are seeing t h e  ' b i r t h  
pa ins '  of a p lane tary  system being brought t o  l i g h t . "  

However t h a t  may be,  w e  may assume t h a t  our p lane tary  system w a s  formed from 
protoplanetary m a t e r i a l  which includes a l l  t h e  elements of t h e  p e r i o d i c  system 
and which o r i g i n a t e d  s h o r t l y  before ,  o r  even contemporaneously with,  t h e  forma- 
t i o n  of t h e  p lane tary  system i t s e l f .  Later, only c e r t a i n  changes i n  i s o t o p e  
composition under t h e  e f f e c t  of cosmic rays  could occur i n  it, b u t  t h e i r  s ign i -  
f i c a n c e  i s  n o t  a t  a l l  comparable with those processes  of element formation 
descr ibed above. 

It is  g e n e r a l l y  accepted t h a t  t h e  Earth,  l i k e  t h e  o ther  p l a n e t s  i n  our  /54 
system, w a s  formed from t h e  m a t e r i a l  of a d i s c o i d  gas-dust cloud which a t  one 
time surrounded our luminary (Ref. 23) .  This cloud was perhaps captured from 
cosmic space by t h e  Sun (Ref. 2 4 ) ,  but  i t  is most probable t h a t  i t  was a remnant 
of the  gas-dust nebula from which t h e  Sun i t s e l f  w a s  formed (Ref. 2 5 ) .  I n  any 
case,  t h e  chemical composition of t h e  material  comprising i t  may b e  compared 
with t h e  composition of present-day c l u s t e r s  of i n t e r s t e l l a r  gas-dust m a t t e r .  
Here t h e  gas i s  c h i e f l y  represented by hydrogen, which i s  t h e  predominating 
element i n  space.  H e l i u m  and o t h e r  i n e r t  gases  a r e  present  i n  s m a l l e r  q u a n t i t i e s .  
The remaining elements,  t h e  heavy m e t a l s  i n  p a r t i c u l a r ,  comprise only hundredths,  
thousandths,  and smal le r  f r a c t i o n s  of one percent  of t h e  t o t a l  c l u s t e r  m a s s .  
The t o t a l  composition of t h e  present-day Sun, which includes by f a r  t h e  major 
p a r t  of t h e  mass i n  t h e  whole s o l a r  system, i s  a l s o  i n  d i r e c t  conformity wi th  
a composition of t h i s  type.  

Hydrogen makes up about 60%, helium 30%, carbon, n i t rogen ,  and oxygen 1 t o  
2%, and t h e  heavy elements together  comprise less than 1% (Ref. 26) .  

H. Brown b e l i e v e s  (Ref. 27) t h a t  a l l  t h e  substances comprising t h e  o r i g i n a l  
gas-dust s o l a r  nebula may be divided i n t o  t h e  following t h r e e  groups: t h e  so- 
c a l l e d  gaseous group containing hydrogen, helium, and t h e  noble gases ,  which 
keep t h e i r  gaseous s ta te  a t  temperatures c l o s e  t o  absolu te  zero.  I n  t h e  very  
low temperature p r e v a i l i n g  i n  t h e  o r i g i n a l  nebula,  they w e r e  t h e  chief  cons t i -  
t u e n t s  of i t s  gas  component. 
containing substances formed from carbon, n i t r o g e n ,  and oxygen (p lus  hydrogen), 
such as ammonia, methane, and w a t e r .  F i n a l l y ,  t h e  conventionally-termed "Earth" 
group is made up of s i l i c o n ,  magnesium, i r o n ,  etc. Their  mel t ing poin t  i s  very 
high. Table I g i v e s  t h e  r e l a t i o n s h i p s  between t h e s e  groups f o r  t h e  Sun (Ref. 28). 

Fur ther ,  t h e  "ice" group i s  dis t inguished,  

When, however , . the p l a n e t s  w e r e  formed from t h e  d i s c o i d  pro toplane tary  cloud, 
t h e s e  substances w e r e  g r e a t l y  r e d i s t r i b u t e d ,  as is evident  from Table 2 ,  which 
g ives  t h e  present-day r e l a t i o n s h i p s  between t h e s e  groups f o r  t h e  d i f f e r e n t  
p l a n e t s  of t h e  s o l a r  system. 

W e  can f o r  t h e  time being only surmise t h e  reasons f o r  and t h e  r o u t e s  by 
which t h i s  r e d i s t r i b u t i o n  of m a t e r i a l s  resudted while  t h e  i n d i v i d u a l  p l a n e t s  
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TABLE I 
. ~ _. 

Groups Earth Ice Gas 

Elements 

(p lus  0 )  

TABLE 2 

\I Earth - 1  Ice 1 G a s  P 1 ane t s 

Earth 

____. 

Plane ts  l i k e  t h e  1 1.00 I <0,01 I 0 
_-I___. 

Saturn 

w e r e  being formed. 

A t  p resent  t h e  cosmogon- 
ical  l i t e r a t u r e  contains  many 
hypotheses f o r  t h e  mechanism 
by which t h e  s o l a r  system w a s  
formed (Ref. 29).  Both t h e  
v o r t i c a l m o t i o n s  i n  t h e  gas- 
dus t  medium and g r a v i t a t i o n a l  
forces  are advanced f o r  t h i s ,  
while  r e c e n t l y  magnetohydro- 
dynamic phenomena have been 
c i t e d ,  i n  p a r t i c u l a r  (Ref. 30). 

- /55 

The m a j o r i t y  of modern cosmo- 
g o n i s t s ,  proceeding from 
genera l  phys ica l  laws, employ 
a p p r o p r i a t e  mathematical 
c a l c u l a t i o n s  t o  g i v e  a r a t i o n a l  
foundation t o  t h e  manner i n  
which those  s t r u c t u r a l  f e a t u r e s  
possessed by our s o l a r  system 
today o r i g i n a t e d  -- t h e  l a w s  
governing t h e  motion of t h e  
p l a n e t s  and t h e i r  sa te l l i tes ,  
t h e  shape of t h e i r  o r b i t s ,  
p l a n e t a r y  d i s t a n c e s ,  s i z e  and 
m a s s  of t h e  p l a n e t s ,  d i s t r i -  
bu t ion  of momentum between 
Sun and p l a n e t s ,  etc. However, 
s c a r c e l y  any of t h e  present ly  
e x i s t i n g  hypotheses can f u l l y  
s a t i s f y  a l l  t h e  demands made 
upon it .  /56 

F. Whipple i n  h i s  r e p o r t  
(Ref. 7),  r e c e n t l y  presented 
a t  a meeting devoted t o  t h e  
centenary of t h e  Washington 

Academy of Sciences,  assumes t h a t  a cloud of gas-dust m a t t e r  which was p a r t  of 
t h e  g i g a n t i c  i n t e r s t e l l a r  c l u s t e r s  w a s  t h e  o r i g i n a l  s t r u c t u r e  leading t o  t h e  
formation of t h e  s o l a r  system. This cloud w a s  of a s i z e  commensurate with t h e  
present  s o l a r  system, of a low temperature of t h e  order  of 50% (about -220oC), 
and a weak magnetic f i e l d ,  and contained approximately 1000 hydrogen atoms per  
cubic  cent imeter ,  a s  w e l l  as a considerable  amount of dus t .  It w a s  g rav i ta t ion-  
a l l y  uns tab le ,  having a c e r t a i n  turbulence and c e n t r a l  condensation; i n  t h e  
f i n a l  a n a l y s i s  t h i s  l e d  t o  i t s  genera l  des t ruc t ion .  I n  t h i s  process -- when 
t h e  mass of t h e  c e n t r a l  body grew s w i f t l y ,  r a p i d l y  becoming denser and being 
heated by g r a v i t a t i o n a l  energy, and la te r  a l s o  by t h e  hydrogen-helium r e a c t i o n  
-- i t  w a s  transformed i n t o  our luminary. The remaining matter which w a s  no t  
included i n  t h e  composition of t h e  Sun w a s  formed i n t o  a d i s c o i d a l  cloud which 
provided a beginning f o r  t h e  formation of "protoplanets." 
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In t h i s  pro toplane tary  cloud t h e  process of gradual  u n i f i c a t i o n  of t h e  d is -  
persed m a t t e r ,  f i r s t  i n t o  r e l a t i v e l y  f i n e  bodies ,  and then i n t o  coarser  s t r u c t u r e s ,  
i n e l u c t a b l y  had t o  occur. The cloud temperature,  on t h e  one hand, depended g r e a t l y  
on s o l a r  r a d i a t i o n  and, on t h e  o t h e r ,  on loss of h e a t  by t h e  cloud through rad i -  
a t i o n  i n t o  i n t e r s t e l l a r  space. Therefore,  i t s  temperature d i f f e r e d  g r e a t l y  on 
t h e  per iphery and i n  t h e  c e n t r a l  por t ions  of t h e  gas-dust d i sk .  
s i t u a t i o n  which w a s  t o  determine t h e  d i s t r i b u t i o n  of pro toplane tary  material i n  
t h e  disk.  

It w a s  t h i s  

Closer t o  t h e  per iphery where i n t e n s i v e  cooling took p lace ,  t h e  substances 

Near t h e  o r b i t  of J u p i t e r  and Saturn,  
of t h e  "ice" group condensed a t  a high v e l o c i t y ,  "froze" onto t h e  "earth" p a r t i -  
cles, and formed so-cal led Cometesimals. 
t h e  gas ,  d u s t ,  and cometesimals combined r a p i d l y  i n t o  l a r g e  p l a n e t s ,  which w a s  
a s s i s t e d  by t h e  Sun's magnetic l i n e s  of force .  F a r t h e r ,  toward t h e  per iphery,  
t h e  cometesimals c o l l e c t e d  i n t o  t h e  p l a n e t s  Uranus and Neptune, which are formed 
p r i n c i p a l l y  of cometesimal m a t e r i a l .  Consequently, p a r t  of t h i s  mater ia l  went 
i n t o  t h e  composition of J u p i t e r  and Saturn,  p a r t  formed Uranus and Neptune, and 
p a r t  f e l l  i n t o  t h e  Sun, o r  began t o  r o t a t e  around i t  i n  except iona l ly  elongated 
o r b i t s  and turned i n t o  comets. F i n a l l y ,  a c e r t a i n  amount of cometesimalmatter  
w a s  e n t i r e l y  l o s t  t o  our p lane tary  system by escaping i n t o  i n t e r s t e l l a r  space. 

The processes  of p lane tary  formation i n  t h e  regions of t h e  d i s c o i d  cloud - I 5 7  
n e a r e r  t h e  Sun, i n  t h e  area where p l a n e t s  of t h e  terrestr ia l  type formed, must 
have developed i n  a d i f f e r e n t  manner (Ref. 31). 

Here t h e  gaseous component of t h e  cloud was almost e n t i r e l y  l o s t ,  t h e  ''ice'' 
w a s  only p a r t i a l l y  r e t a i n e d ,  and t h e  b a s i c  m a t e r i a l  was t h a t  of t h e  "Earth" 
group. The c l u s t e r i n g  of dus t  p a r t i c l e s  cons is t ing  of t h i s  material l e d  t o  t h e  
formation of so-cal led planetesimals  -- t i n y  bodies  including i n  themselves a l l  
non-,volati le substances of t h e  pr imordial  dus t  cloud -- s i l i c a t e s  and t h e i r  
hydrates ,  m e t a l s  ( p a r t i c u l a r l y  i r o n ) ,  t h e i r  oxides ,  s u l f i d e s ,  and carb ides ,  a s  
w e l l  as a small  number of components of t h e  "ice" group. 
planetesimals  r e s u l t e d  i n  t h e  formation of p l a n e t s  of t h e  Earth type and of 
a s t e r o i d s .  

Further  u n i t i n g  of the  

The p l a n e t s  thus generated then had a long and r a t h e r  complex thermic 
h i s t o r y ,  while  t h e  a s t e r o i d s  maintained t h e i r  o r i g i n a l  composition and s t r u c t u r e  
more o r  less unchanged. However, i n  t h e  center  of some of  them t h e r e  w a s  
considerable  hea t ing ,  apparent ly  because of t h e  decay energy of "short-l ived" 
r a d i o a c t i v e  i so topes .  I n  t h i s  process  an  i ron-nickel  core  developed, which -- 
when t h e  a s t e r o i d s  broke up due t o  t h e i r  c o l l i s i o n s  -- l e d  t o  t h e  formation of 
i r o n  m e t e o r i t e s ,  whi le  s tony meteor i tes  w e r e  fragments of t h e  p e r i p h e r a l  p a r t ,  
o r  they w e r e  formed i n  t h e  d i s s o l u t i o n  of  a s t e r o i d s  which had r e t a i n e d  t h e i r  
o r i g i n a l  composition and s t r u c t u r e .  

And s o ,  according t o  t h e  i d e a s  which predominate most ex tens ive ly ,  our 
p lane t  w a s  formed by t h e  accumulation of cold s o l i d  bodies  of inhomogeneous 
composition wi th  d i f f e r i n g  contents  of i r o n  and s i l i c a t e s ,  bu t  b a s i c a l l y  devoid 
of such f r e e  gases  and v o l a t i l e  compounds as molecular hydrogen, l i g h t  i n e r t  
elements, and methane (Ref. 32). Because of t h e  closeness  of t h e  region where 
t h e  Earth w a s  formed t o  t h e  Sun, t h e s e  gases  had a l ready  l e f t  t h i s  region during 
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t h e  formation of our p l a n e t  and had accumulated i n  t h e  colder  regions of t h e  
pro toplane tary  cloud (e .g . ,  i n  t h e  region where J u p i t e r  o r  Saturn formed). Only 
a c e r t a i n  q u a n t i t y  of t h e s e  gases  adsorbed by s o l i d  rocks w e r e  r e t a i n e d  i n  t h e  
Earth which had been formed by now and en tered  its pr imordia l  atmosphere. This 
atmosphere, however, could n o t  be permanent, s i n c e  t h e  gases composing i t  w e r e  
n o t  re ta ined  by terrestrial  a t t r a c t i o n  and dispersed i n t o  i n t e r p l a n e t a r y  space. 
Therefore,  t h e  E a r t h ,  having l o s t  i t s  pr imordial  atmosphere, including a number 
of noble gases which w e r e  widespread i n  t h e  universe ,  had on t h e  whole acquired 
i t s  present  m a s s  and t h e  composition which i s  c h a r a c t e r i s t i c  of i t  today, which 
i s  very c l o s e  t o  t h e  composition of modern meteor i tes  (Ref. 3 3 ) .  The age of t h e  
Earth mat te r  which came i n t o  being i n  t h i s  way may be set a t  approximately 4 .5  
b i l l i o n  years .  

/58 

The remaining compact mass of t h e  Earth continued t o  evolve because of 
i n t e r n a l  energy. I n  t h i s  process ,  t h i s  mass divided i n t o  core ,  mantle,  and 
c r u s t .  

T h i s  event can d a t e  from a t i m e  more than four  b i l l i o n  years  ago. The 
mechanism f o r  t h i s  type of d i f f e r e n t i a t i o n  of t h e  i n i t i a l l y  uniform terrestrial  
substance s t i l l  remains unclear .  Most f requent ly ,  i t  i s  explained by advancing 
the  hypothesis  t h a t  t h e r e  w a s  a secondary melting of our p lane t  because of 
i n i t i a l  g r a v i t a t i o n a l  h e a t  and radiogenic  heat ing.  However, complete fus ion  of 
t h e  Ear th  by t h i s  means would have required a per iod on t h e  order  of s e v e r a l  
b i l l i o n  years ,  while  i n  f a c t  t h e  d i f f e r e n t i a t i o n  w a s  a b l e  t o  run i t s  course i n  
an incomparably s h o r t e r  per iod.  
of t h e  Efgth was perha s played by "short-l ived" and now "ext inc t"  i so topes  l i k e  
Bel', A 1  

An important r o l e  i n  complete o r  p a r t i a l  mel t ing 

, JlZ9,  Pu24g and o t h e r s .  

I n  any case,  t h e  whole subsequent evolut ionary course of our p lane t  has been 
determined by i t s  thermal h i s t o r y  (Ref. 3 4 ) .  Climatic  condi t ions  on t h e  Ear th ' s  
sur face  now depend c h i e f l y  on t h e  i n t e n s i t y  of s o l a r  r a d i a t i o n  and on t h e  h e a t  
t r a n s f e r  of t h e  i r r a d i a t e d  sur face .  During formation of our p l a n e t ,  t h e  p r i n c i -  
p a l  sources of i t s  i n t e r n a l  hea t  w e r e  t h e  g r a v i t a t i o n a l  energy evolved i n  agglo- 
meration and c o n t r a c t i o n  of t h e  t e r r e s t r i a l  m a t t e r  and t h e  energy formed i n  t h e  
decay of r a d i o a c t i v e  elements,  whose change i n  t i m e  may be e a s i l y  computed from 
t h e  law of radioelement decay. 

For our following d iscuss ion ,  t h e  most important s t a g e  i n  t h e  Ear th ' s  de-- 
velopment was t h e  formation on i t s  sur face  of t h e  c r u s t ,  atmosphere, and hydro- 
sphere.  

The present  t e r r e s t r i a l  c r u s t  c o n s i s t s  of g r a n i t e  and b a s a l t  mantles covered 
on t h e  top with a casing of sedimentary rocks. 
under t h e  c r u s t .  It is  charac te r ized  by u l t r a - b a s i c  rocks (duni tes)  poor i n  
s i l i c o n .  

The so-called mantle i s  loca ted  

On t h e  b a s i s  of h i s  experiments on zone melt ing of s tony meteor i tes  
(chondr i te ) ,  A.  Vinogradov a r r i v e d  a t  t h e  convict ion (Ref. 3 5 )  t h a t  t h e  mantle 
duni tes  are remains which are l e f t  from t h e  melt ing of t h e  pr imordial  substance 
of t h e  Earth,  which i n  i t s  composition resembles t h a t  of chondri tes .  The melting 
of l i g h t  b a s a l t i c  rocks from t h e  mantle under t h e  e f f e c t  of radiogenic  hea t  had 
t o  be accompanied by t h e  l i b e r a t i o n  of d i f f e r e n t  vapors and gases due t o  t h e i r  
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vaporization as temperature rose or due to their formation in the solid terres- 

there. 
trial mantle as radioactive, radiochemical, and chemical processes occurred /59 

Therefore, formation of the aqueous and gaseous mantles of the Earth (its 
hydrosphere and atmosphere) was from the very beginning intimately associated 
with processes going on in the lithosphere. 

The quantity of water on the Earth's surface in the first periods of our 
planet's existence must have been considerably less than at present. 
H. Urey's opinion that the primordial earth had only approximately 10% of the 
water in modern seas and oceans. The remaining water appeared later, gradually 
forming as the lithosphere developed from silica hydrates or in general from 
the water of constitution of the Earth's crust. 

It is 

The age of the Earth's oceans may be approximately estimated from the con- 
tent and rates of appearance of the separate chemical components, e.g., sodium 
or phosphorus. These estimates show the ocean's age to be about three billion 
years or more. 

The age of the secondary atmosphere, produced from the gases liberated from 
the lithosphere, may be determined by its content of argon-40, which was formed 
during radioactive decay of the isotope potassium-40. 
3.5 billion years is derived (Ref. 3 6 ) .  Although during its formation the Earth 
was deprived of the greatest part of protoplanetary hydrogen which fell upon it, 
the abundance of hydrogen in the initial material nevertheless exerted a sub- 
stantial effect on the subsequent composition of our planet and, in particular, 
its secondary atmosphere. Even after the loss of hydrogen as a free gas, the 
Earth was to retain a very large quantity of this element in the form of its 
compounds, many of which were liberated during formation of the Earth's crust 
into the atmosphere being created, and gave it a sharply-expressed reducing 
nature. Besides water vapor, we must mention ammonia, hydrogen sulfide, and 
gaseous hydrocarbons among these gases. 

A figure of from 4 to 

The molecular oxygen characteristic of the modern atmosphere was practically 
absent here. To be sure, under the influence of short-wave ultraviolat rays a 
certain decomposition of water vapor could proceed in association with volatili- 
zation of hydrogen and abiogenic formation of free 02 (Ref. 37). However, even 
in this case the oxygen could not accumulate in the atmosphere in any significant 
amounts, since it was very quickly and thoroughly absorbed by rocks which were 
unsaturated with it (Ref. 3 8 ) .  

We can even today observe this sort of 02 absorption process. Thus, for 
example, the masses of lava ejected onto the Earth's surface during present- 
day volcano eruptions are usually very rich in metallic oxides. Coming into 
contact with the oxygen of the air, they begin intensive oxidation and seemingly 
burst into flame (acquiring a higher temperature than they had in the Earth's 
crust, emitting light, becoming more fluid, etc.). 

/60 

The commonly known fact that ejected intrusive rocks (lavas, basalts) are 
black, grey, and green, while the sedimentary structures resulting from them 
(sands, clays) are yellow and red, is caused by the transformation of the iron 
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contained i n  t h e  rocks from protoxides  i n t o  oxides.  Therefore,  even now w i t h  
t h e  abundance of f r e e  oxygen i n  t h e  atmosphere there is  only enough t o  oxid ize  
merely t h e  most s u p e r f i c i a l  l a y e r  of t h e  E a r t h ' s  c r u s t .  
t a t i o n  which cont inua l ly  rep len ishes  t h e  content  of atmospheric oxygen should 
now disappear ,  then t h i s  atmospheric oxygen would a l s o  disappear  i n  t h e  course 
of some t h r e e  o r  f o u r  m i l l e n i a ,  being absorbed by t h e  rocks which are unsaturated 
with i t  (Ref. 3 9 ) .  

I f  a l l  t h e  green vege- 

Before t h e  rise of green vegeta t ion ,  s o  l i t t l e  f r e e  oxygen w a s  formed abio- 
g e n i c a l l y  t h a t  rocks (including sedimentary rocks) could n o t  be s a t u r a t e d  by it  
t o  any degree,  and t h e  atmosphere must have been p r a c t i c a l l y  devoid of t h i s  gas. 
This secondary reducing atmosphere of t h e  e a r t h  f r e e  of molecular oxygen l a s t e d  
a r a t h e r  long t i m e .  
from studying o l d  Pre-Cambrian depos i t s .  

It may b e  confirmed even from d i r e c t  geologica l  d a t a  obtained 

Taking advantage of these  d a t a ,  M. Rutten (Ref. 4 0 )  d i v i d e s  t h e  e n t i r e  
t i m e  which our p l a n e t  has  e x i s t e d  i n t o  two b a s i c  per iods  -- t h e  a c t u a l i s t i c  
(similar t o  t h e  present )  and t h e  p r e a c t u a l i s t i c  which preceded it .  
per iods,  t h e  geologica l  processes  occurr ing on t h e  Ear th ' s  s u r f a c e  d i f f e r e d  
profoundly from each o ther .  
rock weathering, a t  t h e  b a s i s  of which l i e s  t h e  following p a t t e r n :  (1) eros ion  
of t h e  o r i g i n a l  rock, (2) t r a n s p o r t a t i o n  of t h e  r e s u l t a n t  products ,  and (3) 
depos i t  of t h e s e  products w i t h  t h e  formation of sedimentary rock. I n  t h e  pre- 
s e n t  a c t u a l i s t i c  per iod ,  t h e  chief  r o l e  i n  t h e  weathering of b a s i c  rocks i s  
played by chemical processes  i n  t h e  presence of an atmosphere which i s  r i c h  i n  
f r e e  oxygen. 
and deposited.  T h e  atmosphere of t h e  p r e a c t u a l i s t i c  epoch, on t h e  o,ther hand, 
w a s  reduct ive  i n  n a t u r e ,  and t h e r e f o r e  such minerals  as f e l d s p a r ,  s u l f i t e s ,  etc. 
proved t o  be chemically r e s i s t a n t .  

During t h e s e  

A s  an  i l l u s t r a t i o n ,  we may c i t e  t h e  processes  of 

The minerals  which have a l ready  undergone oxida t ion  are t ransported 

When t ranspor ted ,  they w e r e  merely phys ica l ly  changed, but  were deposi ted /61 
i n  chemically unchanged form. The fundamental works of K. Rankama (Ref. 4 1 )  
i n v e s t i g a t i n g  t h e  o l d  depos i t s  of d e t r i t a l  rocks around t h e  g r a n i t e  c l i f f s  of 
Finland,  t h e  f ind ings  made by P. Ramdohr (Ref. 4 2 )  i n  s tudying t h e  a u r i f e r o u s  
l a y e r s  of t h e  anc ien t  mantles of South Africa, B r a z i l ,  and Canada, t h e  d a t a  of 
H. Lepp and S. Goldich (Ref. 4 3 )  on t h e  a n c i e n t  depos i t s  of i r o n  ores  i n  North 
America, Lorraine,  and Luxemburg, and many o t h e r s  corroborate  t h e s e  s ta tements .  

From a s tudy of t h e s e  f ind ings ,  M. Rutten arrives a t  t h e  conclusion t h a t  
a l l  t h e s e  s t r u c t u r e s  may be formed only i n  a reducing atmosphere devoid of f r e e  
oxygen and t h a t  t h e r e f o r e  such an atmosphere must have been maintained on t h e  
Ear th ' s  s u r f a c e  u n t i l  a t  least  two b i l l i o n  y e a r s  ago. 

C. Sagan hypothesizes (Ref. 4 4 )  t h a t  s i g n s  of an oxidizing atmosphere 
appeared appreciably earlier,  but  on t h e  b a s i s  of o b j e c t i v e  geologica l  d a t a  
Rutten demonstrates t h a t  an  atmosphere r i c h  i n  oxygen, l i k e  t h e  present  one, 
w a s  formed only w i t h i n  a mere b i l l i o n  years .  Between t h e  d a t e s  which Rutten 
g ives  (two and one b i l l i o n  y e a r s ) ,  he  th inks  t h a t  there w a s  a t r a n s i t i o n a l  era 
during which t h e  Ear th ' s  atmosphere gradual ly  became r i c h  i n  f r e e  oxygen. 
w a s  assoc ia ted  wi th  the development of l i f e  which had r i s e n  a s  e a r l y  as t h e  
p r e a c t u a l i s t i c  epoch, as ind ica ted  by comparative biochemical and palaeonto- 
l o g i c a l  da ta .  
44 

This 



To sum up a l l  t h e  above s ta tements ,  t h e  following chronological  t a b l e  of 
atronomical events  leading t o  t h e  formation of our p lane t  may be given (Table 3 ) .  

TABLE 3 .  CHRONOLOGY OF ASTRONOMICAL AND 
GEOLOGICAL EVOLUTION 

Event 

Formation of o l d e s t  s t a r s  i n  our galaxy 
Formation of Heavy Elements 
Formation of Sun and P l a n e t s  of our System 
Formation of t h e  Ear th  i n  i t s  Present  Mass 

D i f f e r e n t i a t i o n  of Earth m a t t e r ,  formation 

Formation of Oldest  Known Minerals 
Formation of t h e  World's Oceans 
Formation of Secondary Reducing Atmosphere 
Geological ly  Determined L i m i t  of Existe.nce 

Formation of Oxygen Atmosphere of Modern 

and Composition 

of Ear th ' s  Crust  

of Reducing Atmosphere 

Composition 

T ime  Ago i n  
B i l l i o n s  of 
Year.=. 

12-20 
5.3 
5 

>4.5 

>4 

3.6 
>3 
>3.5 

2 

I 1 

HOW d id  t h e  development of t h e  carbon compounds -- t h e  narrower s p e c i f i c  /62 
branch of t h e  development of mat te r  which i s  of s p e c i a l  i n t e r e s t  t o  us  s i n c e  
i t  w a s  t h e  pa th  by which l i f e  developed among us  on Earth and on o ther  s i m i l a r  
c e l e s t i a l  bodies -- proceed a g a i n s t  t h e  background of these  events?  

A s  w e  s a w  above, carbon came i n t o  being even before  t h e  formation of t h e  
heavy elements,  independently of t h e  f l a r e s  of supernovae i n  t h e  s t a b l e  process  
of s t e l l a r  r a d i a t i o n .  Therefore ,  i t  is  an extremely widely disseminated element 
i n  space (Ref. 4 5 ) .  It i s  discovered by s tudying t h e  s p e c t r a  of a l l  star classes, 
i n  p a r t i c u l a r  those of t h e  o l d e s t  generat ions.  I n  s t e l l a r  atmospheres of t h e  
h ighes t  temperature,  carbon is present  i n  t h e  ionized o r  n e u t r a l  atomic s t a t e  
(Ref. 4 6 ) .  

H e r e  t h e  condi t ions  f o r  formation of chemical compounds are s t i l l  absent ,  
bu t  as soon as t h e s e  condi t ions  are crea ted  carbon immediately combines, c h i e f l y  
w i t h  hydrogen, which could even b e  assumed a priori because of t h e  except iona l  
q u a n t i t a t i v e  predominance of hydrogen i n  space. I n  a c t u a l  f a c t ,  compounds of 
carbon and hydrogen may b e  found i n  t h e  most v a r i e d  celest ia l  o b j e c t s  under very 
d i v e r s e  temperature and g r a v i t a t i o n a l  condi t ions.  

I n d i c a t i o n s  of t h e s e  compounds may even be de tec ted  i n  t h e  s p e c t r a  of type  
A stars (Ref. 4 7 ) .  In  t h e  s p e c t r a  of stars of t h e  succeeding types,  carbon bands 
appear with g r e a t e r  and g r e a t e r  c l a r i t y  as t h e  temperature of t h e  s te l la r  s u r f a c e  
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drops,  and reach maximum d i s t i n c t n e s s  i n  M and R s p e c t r a .  Our Sun i s ,  of course,  
a type G star (yellow s t a r ) .  
Spectroscopic i n v e s t i g a t i o n s  demonstrate t h a t  carbon-hydrogen compounds i n  t h e  
form of methine (CH) are present  on t h e  Sun, and perhaps more complex compounds 
including several atoms of carbon and hydrogen (Ref. 4 8 ) .  I n  a d d i t i o n  t o  t h i s ,  
a compound of carbon and n i t rogen ,  cyanogen (CN), has  a l s o  been detected on t h e  
Sun. 

Its atmospheric temperature i s  about 6300OC. 

W e  t h e r e f o r e  see t h a t  carbon-hydrogen compounds are widely d i s t r i b u t e d  on 
t h e  sur face  of stars having a temperature of several thousand degrees cent igrade  
and of very high g r a v i t a t i o n .  On t h e  o ther  hand, however, w e  a l s o  f i n d  hydro- 
carbons a t  t h e  oppos i te  p o l e  of thermal and g r a v i t a t i o n a l  condi t ions  i n  i n t e r -  
s te l lar  gas-dust m a t t e r  under extremely low g r a v i t a t i o n  and a t  temperatures c l o s e  
t o  absolu te  zero.  

The s t u d i e s  of H. K r a m e r s  and D. ter Haar (Ref. 4 9 )  revealed t h e  formation 
here  of t h e  s imples t  hydrocarbon r a d i c a l s  CH and CJJ?. 
because of t h e  c a t a l y t i c  a c t i o n  of dus t  and t h e  abundance of hydrogen, i n  gas- 
dus t  agglomerations f r e e  r a d i c a l s  must be converted i n t o  s t a b l e  hydrocarbons. 
I n  f a c t ,  a t  t h e  present  time t h e r e  has been d i r e c t  proof of t h e  presence of 
methane (CHq] i n  cosmic 
from which our s o l a r  system w a s  created.  (Ref. 50). 

H. Urey states t h a t ,  
/63 

gas-dust agglomerations,  t h e  prototypes of t h e  m a t e r i a l  

Occurrence of the s imples t  carbon compounds a t  a s u b s t a n t i a l  d i s t a n c e  from 
t h e  stars under low-temperature condi t ions  i s  a l s o  confirmed by f ind ings  on 
t h e  chemical composition of comets (Ref. 51). These cosmic bodies are formed 
under t h e  condi t ions  of an  almost i n t e r s t e l l a r  medium (Ref. 5 2 )  somewhere near  
t h e  o r b i t  of P lu to ,  and from t i m e  t o  t i m e  p e n e t r a t e  t h e  i n t e r n a l  regions of our 
p lane tary  system where t h e i r  composition may e a s i l y  b e  subjected t o  spec t roscopic  
i n v e s t i g a t i o n .  These i n v e s t i g a t i o n s  have shown t h a t  comets are teeming wi th  
l i g h t  hydrocarbons, cyanogen, and carbon monoxide. 

Within t h e  l i m i t s  of t h e  s o l a r  system i t s e l f ,  w e  can discover  huge q u a n t i t i e s  
of methane i n  t h e  atmosphere of t h e  l a r g e  p l a n e t s  -- J u p i t e r ,  Saturn,  Uranus, 
and Neptune (Ref. 5 3 ) .  The presence of methane i n  t h e  atmosphere of T i t a n  (a 
s a t e l l i t e  of Saturn) arouses  g r e a t  i n t e r e s t  (Ref. 5 4 ) .  T i t a n  i s  f o r t y  t i m e s  
smaller than Earth i n  mass, but  i t  can keep i t s  methane atmosphere because of 
t h e  very low temperature (-180OC) p r e v a i l i n g  i n  i t s  region.  

Of p a r t i c u l a r l y  g r e a t  s i g n i f i c a n c e  f o r  t h e  ques t ion  w e  are analyzing is 
t h e  s tudy of carbon compounds i n  meteor i tes  -- f i r s t ,  because meteor i tes  are 
s t i l l  t h e  s o l e  n o n - t e r r e s t r i a l  o b j e c t s  which w e  can examine d i r e c t l y  not  only 
chemically,  but  a l s o  minera logica l ly ,  and, second, because of t h e  s i m i l a r i t y  
of m e t e o r i t i c  matter wi th  t h e  m a t e r i a l  from which t h e  Ear th  w a s  formed (Ref. 55). 

The problem of t h e  o r i g i n  of meteor i tes  i s  under l i v e l y  d iscuss ion  i n  
modern s c i e n t i f i c  l i t e r a t u r e .  It i s  assumed t h a t  m e t e o r i t e s  w e r e  formed i n  our 
s o l a r  system, p r i n c i p a l l y  between t h e  o r b i t s  of Mars and J u p i t e r ,  i n  t h e  zone 
of so-called s m a l l  p l a n e t s  -- t h e  a s t e r o i d s  , which w e r e  apparent ly  t h e  "maternal 
bodies" f o r  them. 
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A study of the various radioactive isotopes present in the meteorites en- 
ables us to date individual events in their history. 
comprising them is the same as in other bodies of the solar system (about five 
billion years). From studying the isotopes of lead, rubidium and strontium, 
rhenium and osmium we can calculate the time which has elapsed since solidifica- 
tion of meteoritic matter as 4.5 billion years. The loss of certain volatile 
radiogenic isotopes (of helium and argon) indicates that the substance of some /64 
meteorites could have been at a comparatively high temperature for a certain 
period. The time required for the formation of small fragments of major bodies 
(the so-called cosmic age of meteorites) has been established as merely tens or 
hundreds of millions of years by determining the isotopes which originated under 
the action of cosmic rays. 
structure of the meteorites indicate the different conditions under which indi- 
vidual groups of meteorites differing in their chemical composition originated 

The age of the heavy elements 

The patterns followed by the composition and internal 

(Ref. 56). 

- I _ -  - 

Figure 7 .  Carbonaceous Chondrite 
Mighei. Weight about 1600 
(Collection of Commission 
Meteorites of the Academy 
Sciences USSR). 

meteorites are known whose 

Grams. 
on 
of 

A l l  meteorites are usually divided 
into two basic classes -- stony and 
iron. Iron meteorites consist princi- 
pally of ferronickel (90% Fey 8% Ni, 
0.5% Co) and contain small quantities 
of phosphorus, sulfur, copper, and 
chromium. Carbon is represented in 
them chiefly in its native state or in 
combination with metals [cohenite -- 
(F~N~CO)~C]. The structural features 
of these meteorites indicate that the 
ferronickel was previously in the 
melted state at a temperature above 
15OO0C, then in the process of very 
slow cooling over tens of millions of 
years crystallization and recrystal- 
lation of this alloy occurred. These 
meteorites are apparently fragments of 
the central part of the "parental 
bodies." The stony meteorites which 
fall more often on Earth were formed 
from the peripheral parts of these 
bodies. They contain significantly 
less iron, while silicates and oxides 
of such metals as magnesium, aluminum /65 
calcium, sodium, etc. predominate. 
Most stony meteorites contain no more 
0.1-0.2% of carbon. But two types of 

carbon content is very high, fluctuating from-0.45 to 
4.8%. These are carbonaceous diamantiferous achondrites (ureilites) and carbon- 
aceous chondrites (Figure 7). 
collections is under ten, but they are of particular interest to us since the 
presence of certain minerals in them indicates that they were never heated higher 
than 3OOOC (Ref. 57). 

The number of the latter in world meteorite 
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Carbonaceous chondr i tes  are r a t h e r  b r i t t l e  s t r u c t u r e s  cons is t ing  of an  
opaque b lack  m a s s  i n  which t i n y  chondrules of a porphyrin n a t u r e  and g r a i n s  of 
o l i v i n e  o r  of pyroxenes are disseminated. 

Carbonaceous chondr i tes  are charac te r ized  n o t  only by a high carbon content ,  
bu t  a l s o  by water bound i n  t h e  minerals  (aqueous s i l i ca tes  and a lumosi l ica tes ) .  
The carbon i n  carbonaceous chondri tes  i s  represented by a n  amorophous carbon 
material and graphi te .  It a l s o  e n t e r s  i n t o  t h e  composition of organic  materials 
and carbonates.  The adsorbed gases conta in  C02, CH4, CO., and H2,  as w e l l  as A r ,  

N e ,  and Xe .  The organic  substances are c h i e f l y  represented by hydrocarbons, 
p a r t i a l l y  oxidized and containing s u l f u r .  
carbonaceous chondr i tes  a l s o  conta in  polymerized compounds, p r i n c i p a l l y  of t h e  
aliphatic series (Ref. 58). I n  t h e  s c i e n t i f i c  l i t e r a t u r e  r e p o r t s  have appeared 
on t h e  discovery i n  meteor i tes  even of such complex compounds as pyrimidine bases  
o r  amino a c i d s  (Ref. 5 9 ) ,  b u t  these  r e p o r t s  s t i l l  need f u r t h e r  experimental  
v e r i f i c a t i o n  (Ref. 60). G.  Mueller,  a f t e r  analyzing i n  d e t a i l  a l l  present ly  
known f a c t s  from t h e  f i e l d  of chemistry and petrography of both t h e  inorganic  
and organic  phases of carbonaceous meteor i tes  and a f t e r  weighing a l l  da ta  on 
t h e i r  o r i g i n ,  concludes t h a t  t h e  carbon compounds i n  t h e s e  meteor i tes  undoubtedly 
a r o s e  during chemical development i n  a manner q u i t e  unre la ted  t o  l i f e .  The 
abiogenic  o r i g i n  of t h e  m e t e o r i t i c  organics  i s  l ikewise  corroborated by t h e  
recent  work of M. Briggs s tudying t h e  organic  polymer substances i n  carbonaceous 
chondri tes  (Ref. 62) .  Research of t h i s  s o r t  i s  of g r e a t  i n t e r e s t ,  s i n c e  i t  
spreads out before  us  t h e  ways of studying t h e  abiogenic  formation of organic  
substances under n a t u r a l  condi t ions  which, t o  be s u r e ,  are somewhat d i f f e r e n t  
from those  which preva i led  on Earth before  t h e  development of l i f e  upon it. 

Along wi th  low-molecular hydrocarbons, 

Below w e  w i l l  r e t u r n  t o  t h e  i n v e s t i g a t i o n s ,  ex tens ive ly  developed a t  p resent ,  
on t h e s e  substances i n  m e t e o r i t i c  m a t e r i a l  when w e  d i scuss  t h e  quest ion of ways 
t h a t  organic  polymers a r o s e  during t h e  evolu t ion  of cosmic bodies (see Chapter 
111). H e r e ,  however, w e  would only l i k e  t o  stress t h e  t h e s i s  t h a t  w e  a r e  a b l e  
t o  confirm t h e  formation of carbon compounds -- 
of carbon -- as hydrocarbons, i n  t h e  most d i v e r s e  o b j e c t s  of our s t e l l a r  universe  
( in  t h e  stars, i n  c l u s t e r s  of gas-dust mat te r ,  p l a n e t s  and t h e i r  s a t e l l i t e s ,  i n  
comets and m e t e o r i t e s ) .  
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p r i n c i p a l l y  i n  t h e  reduced form 

Most of t h e  celest ia l  o b j e c t s  l i s t e d  have developed, and are developing, 
along d i f f e r e n t  pa ths  from our own p l a n e t ,  b u t ,  as w e  have seen,  t h e  occurrence 
of t h e  most p r i m i t i v e  carbon compounds and t h e i r  i n i t i a l  evolut ionary s t a g e  a r e  
e x t r a o r d i n a r i l y  u n i v e r s a l  i n  t h e  world which surrounds us.  We may assure  ourselves  
t h a t  i n  t h i s  r e s p e c t  t h e  Earth i s  no b a s i c  exception by acquaint ing ourse lves  
with t h e  development of carbon compounds during t h e  formation of our p lane t .  

A s  w e  ind ica ted  above, s t i l l  long before  t h e  formation of t h e  Earth as a 
p lane t ,  from t h a t  p a r t  of t h e  protoplanetary d i s c o i d a l  cloud where i t  w a s  formed 
t h e  gaseous component of t h i s  cloud (hydrogen and t h e  noble gases)  had t o  be 
v o l a t i l i z e d  , and t h e  substances comprising t h e  "ice" group a l s o  must have p a r t i -  
a l l y  disappeared. 
t h e  gaseous s ta te  a t  very low temperatures. 

This  a p p l i e s  p a r t i c u l a r l y  t o  methane, which s t i l l  s t a y s  i n  
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F. Aston f o r t y  y e a r s  ago f i r s t  drew a t t e n t i o n  CRef. 6 3 )  t o  the l o w  content  
of noble gases i n  the Earth's composition, and explained this by their chemical 
i n e r t n e s s ,  t h e i r  i n c a p a b i l i t y  of binding themselves t o  o t h e r  elements i n t o  
heavier  molecules. H. Suess (Ref. 6 4 )  and H. Brown (Ref. 6 5 )  l a t e r  pointed out  
t h a t  t h e  concentrat ion of noble  gases i n  t h e  composition of the E a r t h  is very 
g r e a t l y  reduced as compared w i t h  t h e i r  concentrat ion i n  t h e  cosmos. 
dance of noble gases w a s  g r e a t l y  "depleted" by t h e i r  v o l a t i l i z a t i o n  out  of t h a t  
p a r t  of t h e  protoplanetary cloud i n  which t h e  Ear th  formed. 
t a b l e  (Ref. 6 6 )  which g ives  d a t a  on t h e  relative content  i n  t h e  cosmos and on 
Ear th  of c e r t a i n  elements and t h e i r  compounds. This p a r t i c u l a r  t a b l e  i n d i c a t e s  
t h e  degree of t h e  "deplet ion f a c t o r "  i n  comparison t o  xenon and t h e  f r a c t i o n  of 
gas  o r  element which w a s  preserved i n  t h e  Ear th  from t h e i r  t o t a l  concent ra t ion  
i n  t h e  gas-dust cloud (Table 4 ) .  

The abun- 

H. Urey g ives  a 

TABLE I V .  "DEPLETION FACTOR" FOR VOLATILE ELEMENTS AND 
COMPOUNDS ON EARTH 

Elements and 
Compounds 

N e  

&36+38 

K r  

X e  

H2° 
__  

C 

N 

Relative Content 
i n  Space Csi = 
l0,OOO) 

166,000 

1 , 120 

0.718 

0.0665 

111 , 000 

40,000 

80 , 000 

2 Moles / c m  
on Ear th  

6.5 

1.2 10-3 

3 .5 -  

2 .8*10-6  

15  , 000 
. ~ ~ ~ _ _ _  

350 

54 

"Depletion" i n  
Comparison t o  
Xenon 

0.9.10-4 

2.6*1OW2 

.. 

- 

- _  ~ 

1 

1 

3 , 200 
.- 

2 l o  

1 6  

Frac t ion  
Remaining on 
Earth 

0.9 lo-- 

2.6 - lo-' 

1.0.10-~ 

1.0*10-' 

3 . 0 - 1 0 - ~  

2.0- 

1.6' 

T a b l e  4 makes clear t h a t  t h e  content  of v o l a t i l e  elements and compounds i s  
s u b s t a n t i a l l y  "depleted," as compared t o  t h e  non-volat i le  ones. Since t h i s  
d i v i s i o n  w a s  accomplished even before  t h e  Earth condensed i n t o  a s o l i d  body, i t  
proceeded under t h e  condi t ions  of a very low g r a v i t a t i o n a l  f i e l d .  It is  there-  
f o r e  understandable t h a t  t h e  neon content  w a s  "depleted" t o  a s i g n i f i c a n t l y  
g r e a t e r  degree than t h a t  of xenon, b u t  t h e  amount of w a t e r  and of carbon and 
n i t rogen  compounds i s  abnormally h igh  i n  terms of t h e s e  condi t ions.  I f  
"depletion" had taken its e n t i r e  course by m a s s  f r a c t i o n a t i o n  -- i .e.,  i f  

/67 
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v o l a t i l i z a t i o n  from t h e  g r a v i t a t i o n a l  f i e l d  had taken p l a c e  by molecular weight 
-- then CH 

however, "depletion" had moreover depended on vapor p r e s s u r e ,  s o l u b i l i t y ,  ad- 
s o r p t i o n ,  o r  formation of hydra tes ,  then t h e  "deple t ion  f a c t o r "  f o r  CH4 should 

have been between t h e  va lues  f o r  argon and krypton, bu t  t h e  f a c t  i s  t h a t  a f a r  
g r e a t e r  p o r t i o n  of carbon has been preserved on Earth.  

would have had t o  become "depleted" t o  t h e  same degree as neon. I f ,  4 

The s o l e  acceptab le  explanat ion f o r  such a g r e a t  carbon concentrat ion on 
Earth is t h e  hypothesis  t h a t  t h e  carbon w a s  r e t a i n e d  i n  t h e  form of c e r t a i n  
chemical compounds heavier  than methane during t h e  formation of our p lane t .  
Such compounds w e r e  ind isputab ly  t h e  m e t a l  ca rb ides ,  g r a p h i t e ,  o r  amorphous 
carbon which w e  may d e t e c t  i n  meteor i tes ,  b u t  organic  compounds t o  a c e r t a i n  
degree a l s o  may have played t h e  r o l e  of t h e  form i n  which an apprec iab le  por- 
t i o n  of t h e  i n i t i a l  carbon was maintained i n  t h e  Ear th ' s  composition. 
ind ica ted  by t h e  discovery of organic  compounds of t h a t  type i n  carbonaceous 
chondri tes .  

This i s  /68 

On t h i s  s u b j e c t  many au thors  are a t  present  expressing t h e  opinion t h a t  a 
substant ia l .  q u a n t i t y  of organic  substances must have been synthesized even 
before  t h e  formation of t h e  Earth a s  a p lane t .  Thus, f o r  example, L ,  Lederberg 
and D.  Dowier (Ref. 67) b e l i e v e  t h a t  organic  compounds w e r e  formed under t h e  
e f f e c t  of corpuscular  r a d i a t i o n  ever i n  p a r t i c l e s  of t h e  parent  cosmic dust .  
Fowler, Greenstein,  and Howle (Ref. 68) a l s o  underscore t h e  g r e a t  s i g n i f i c a n c e  
of t h e  formation of organic  compounds i n  t h e  dus t  cloud from which t h e  Earth 
w a s  formed. J. Glase l  i n  experiments on models (Ref. 69) synthesized acetylene,  
e thane,  propane, and s e v e r a l  o t h e r  hydrocarbons by bombarding CH4 a t  a low 

temperature wi th  e l e c t r o n s .  R. Berger demonstrated t h a t  urea,  acetamide, and 
acetone are synthesized from CH 

high-energy proton a c t i o n .  

NH3, and H20 a t  77'K (-196OC) a s  t h e  r e s u l t  of 4 '  
Many o ther  such examples may a l s o  be presented.  

The present  e x t e n s i v e .  research  on organic  substances i n  carbonaceous 
chondr i tes ,  as w e l l  a s  c e r t a i n  d a t a  on t h e  n a t u r e  of "noc t i lucent  clouds" and 
m e t e o r i t i c  d u s t  i n  r e d  oceanic  c lays  impelled J. Bernal (Ref. 70) t o  formulate 
h i s  new hypothesis  of t h e  cosmic o r i g i n  of t h e  organic  substances which served 
as t h e  m a t e r i a l  f o r  formation of l i v i n g  beings on Earth.  This hypothesis  s t a t e s  
t h a t  t h e  s y n t h e s i s  of more and more complicated organic  molecules and t h e i r  
polymers w a s  a l ready  going on i n  p a r t i c l e s  of cosmic dus t  covered with i c e  
and condensed gases  under t h e  inf luence  of s o l a r  r a d i a t i o n  and t h e  a c t i o n  of 
cosmic rays.  With an i n c r e a s e  i n  temperature,  i n  t h e  zone where p l a n e t s  of t h e  
terrestrial  type w e r e  formed, t h e  s u r f a c e  ice  and condensation l a y e r s  vaporized 
and v o l a t i l i z e d ,  bu t  t h e  more o r  less high-molecular organic  substances w e r e  
kept  t o  provide t h e r e a f t e r  t h e  beginning f o r  t h e  formation of t h e  carbon com- 
plexes which may now be de tec ted  i n  carbon meteor i tes .  The Ear th ,  formed by t h e  
agglomeration of c h o n d r i t i c  bodies  a t  a r e l a t i v e l y  low temperature,  received 
from them t h e  a l ready  f i n i s h e d  complex of organic  substances,  a p o r t i o n  of 
which could have appeared on t h e  p l a n e t ' s  s u r f a c e  i n  comparatively unchanged 
form and would have served as t h e  b a s i s  f o r  t h e  subsequent development of l i f e .  
The f e a s i b i l i t y  of t h i s  s o r t  of synthes is  of organic  substances i n  cosmic dust  
p a r t i c l e s  i s  corroborated i n  a number of t h e  above-mentioned f a c t s .  
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S .  Miller and H. Urey, however, believe (Ref. 71) that if organic substan- /69 
ces of more or less complex composition were synthesized in particles of the 
parent substance even before the Earth had condensed into a solid body, they 
would automatically have been able to play a decisive role during the develop- 
ment of life on the surface of our planet. 

When the Earth was formed from the planetisimals, the organic substances must 
have been more or less uniformly distributed throughout its whole mass, and it 
is very doubtful that they left through the surface in unchanged form. Even if 
our planet did not completely melt, its internal temperature -- owing to gravi- 
tational energy and radioactive heating -- was quite sufficient to pyrolyze the 
organic compounds in its interior. Only products of this pyrolysis (like CH4, 
C02, COY N2, NH3, H20, and H2) could be liberated on the surface of the Earth 
and enter into the composition of its secondary atmosphere since most of them 
(excepting H2) were already retained by the terrestrial attraction of the com- 
pact planet which had been formed. A significant part of the carbon dioxide 
(C02) of the secondary atmosphere interacted with the silicates of the litho- 
sphere and was deposited in the Earth's crust in the form of carbonates, deposits 
of which had already arisen long before the appearance of life. The reduced 
forms of carbon and nitrogen (CH4 and NH3) served as material for the secondary 
formation of organic substances which became ever more complex. 

As we pointed out above, however, the carbon compounds retained during the 
Earth's formation could be not only organic compounds more complex than 
methane, but also amorphous carbon, graphite, and metal carbides. 
These latter, interacting with hydrated rocks, had to produce gaseous hydrocar- 
bons on a large scale on the surface of the Earth. A source of hydrocarbons in 
the formation of the Earth's crust was also native carbon in its interaction 
with the hydrogen produced by radiochemical decay of water. Therefore, the 
liberation of hydrocarbons and their closest derivatives onto the Earth's sur- 
face during formation of the lithosphere not only could, but also had to, be 
effectuated in numerous ways: (1) by interaction of carbides with hydrated 
rocks; ( 2 )  by direct reduction of graphite and amorphous carbon by the free hy- 
drogen produced in radiochemical decay of water; (3) in pyrolysis of the pri- 
mary organic substances; (4) in the liberation of primordial methane adsorbed 
by rocks; and so on. 

At present, we can only argue about which of the abiogenic formatiorsof hy- 
drocarbons was general at the time of the Earth's own formation, and in the sub- /70 
sequent eras of its existence. But the necessity of this formation itself is 
not doubted at all in our time. It is also corroborated by several geological 
finds which have now been directly discovered. 

The formation of our planet's crust, which began in the early periods of 
the Earth's existence, is not finished even in our day. The result of this is 
that abiogenic formation of hydrocarbons is proceeding at several spots on the 
globe even today (Ref. 7 2 ) .  This is indicated, in particular, by a number of 
gas deposits which have no direct connection with sedimentary rocks. Such, for 
example, are the hydrocarbon-type gases which form in the crystalline rocks 
around Lake Huron in Canada or in the Ukhta Field in our country, where 
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hydrocarbons may be discovered in very large quantity in the cracks in igneous 
rocks. A report by V. Sokolov (Ref. 73) states that he discovered methane, 
ethane, propane, and higher-molecular hydrocarbons in igneous rocks at a number 
of locations in the Soviet Union. 

Of substantial interest in this respect are the gas deposits recently dis- 
covered in the Khibinskiy Massif of the Kola Peninsula. Analysis of them shows 
that they contain methane and heavier hydrocarbons. 
the physicochemical and geological situation here, moreover, points to the mag- 
matic origin of these gases (Ref. 7 4 ) .  

Very careful examination of 

The number of discoveries of petroleum in igneous and metamorphic rocks 
continues to grow, although relatively little attention is yet paid to them be- 
cause they rarely are of industrial significance. Nevertheless, they are now 
counted in the hundreds (Ref. 75). In particular, liquid and gaseous hydrocar- 
bons in the form of smears and insignificant deposits were also discovered in 
deep boring along cracks in metamorphic 
which they could scarcely have penetrated from sedimentary rocks. 

and crystalline foundation rocks,to 

Therefore, although the petroleum extracted from sedimentary deposits 
clearly bears traces of its biogenic origin, in the light of the facts presently 
known, we cannot deny the existence of abiogenic processes of hydrocarbon forma- 
tion, even in the modern era of our planet's existence. 

R. Robinson in a detailed study (Ref. 76) of different petroleum specimens 
obtained from numerous deposits directs attention to the content of substances 
far removed from biochemical compounds in crude petroleum of more ancient origin. 
The formation of these substances from biological material has no rational ex- 
planation which is acceptable chemically or geologically. 
fact that they were formed abiogenically seems easily understandable and experi- 
mentally reproducible under close to natural conditions. Therefore, Robinson 
comes to the conclusion that petroleum has a dual (abiogenic and biological) 
origin. Moreover, he convincingly demonstrates the fact that the more ancient 
the petroleum is, the more indications it displays of its abiogenic origin. 

/71 

On the contrary, the 

Therefore, we can now scarcely doubt but that in the initial periods of 
the Earth's existence, a substantial quantity of hydrocarbons, which also were 
initial materials for subsequent development of organic substances, were present 
on its surface (in its atmosphere and hydrosphere). 

The bulk of these hydrocarbons originated during formation of the Earth's 
crust and, so to speak, were of endogenic origin. Recently, however, more and 
more papers have been appearing to point out that our planet throughout its 
whole existence has been "fed1' with organic substances coming from outside ex- 
ogenically. Of particularly great significance in this respect have been the 
meteorites falling on the Earth's surface, especially the carbonaceous chron- 
dites (Ref. 77). The organic substances contained in them must not have been 
subjected to severe heating and pyrolysis. 
could play a role in the subsequent syntheses of complex organics which were 
carried out on the surface of the Earth. Recently J. Oro advanced the hypothe- 
sis (Ref. 78) that, along with the organic substances of the Earth which were 
geochemically produced on it, a considerable portion of organic substances were 

This means that these hydrocarbons 
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brought to our planet not only by meteorites, but also by comets. 

According to H. Urey's calculations (Ref. 79), during the life of our plan- 
et, no less than 100 direct collisions must have occurred between the Earth and 
comets, whose matter remained in the Earth's atmosphere and increased its con- 
tent of primary substances. Oro computed that, merely as a result of this, the 
Earth in the first two billion years of its existence must have received from 
2'10 to 1-10 metric tons of comet material consisting chiefly of carbon com- 
pounds. A s  a matter of fact, however, in Oro's opinion the mass of comet mater- 
ial captured by the Earth must have been considerably greater still, since the 
material of comets which avoided a direct collision, but passed sufficiently 
close to the Earth, might be added to this (Ref. 80). 

8 12 

The fall of the so-called Tunguska meteorite in 1908 can serve as a graphic 
illustration of a collision between a comet and the Earth. As V. Fesenkov has 
recently demonstrated (Ref. 81), the body which fell to Earth in the sight of 
many eye witnesses, felling enormous numbers of trees on the taiga and remaining 
a mystery for a long time was indeed not a meteorite, but the nucleus of a comet 
which was retarded in the Earth's atmosphere at a height of 6 to 7 kilometers 
and therefore created a powerful blast wave. A very essential fact is that 
comets abound not only with light hydrocarbons, but also with cyanogen (Ref. 82). 
Therefore, even this simplest carbon-nitrogen compound must have entered into 
the composition of th original carbon compounds, which greatly increased the 
possibilities of their further development. 

S. Miller and H. Urey, according to computations which they conducted 
(Ref. 71), believe that the portion of organic substances brought with comet 
material is very small. It is their opinion that this portion amounts to ap- 
proximately one ten-thousandth of the quantity of organics formed on the basis 
of the Earth's crust. Nor could meteorites provide an adequate amount of carbon 
compounds. Obviously, therefore, the bulk of the original hydrocarbons neces- 
sary for the genesis of life and their closest derivatives were after all formed 
endogenically on the surface of the Earth during the formation of the Earth's 
crust. We may form a concept of the subsequent evolutionary course of these 
substances by experimentally reproducing the conditions which existed at one 
time on the surface of the primordial Earth and by studying how transformation 
of the original hydrocarbon compounds proceeded under these conditions. 
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111. FORMATION OF THE "PRIMARY BROTH" 17.5 

How can we discover the paths of chemical evolution taken by the carbon 
compounds which formed endogenically 011 the Earth's surface or were brought to 
our planet by meteorites and comets even long before the development of life on 
Earth? 

At first glance it may seem that the most direct and reliable answer to this 
question should be given by geological and geochemical research -- direct dis- 
covery and study under natural conditions of the transformations of carbon com- 
pounds which, perhaps, may even now be in the process of abiogenic formation 
somewhere with no immediate connection with the vital activity of organisms. 
Right at this very moment, carbonic gases produced inorganically in the forma- 
tion of the Earth's crust are continually being introduced into our atmosphere. 
Meteorites and comets continue to "feed" the Earth with carbon substances just 
as in the remote past, and the waters of the modern ocean also contain a small 
quantity of diverse organic substances. True, these substances were biogenically 
produced here by the decay of marine organisms, but, perhaps, somewhere in the 
ocean's depths in the absence of living creatures they are again undergoing an 
evolution similar to that which went on at some time on the primordial lifeless 
Earth. 
under natural conditions.* 

We can become acquainted with this evolution by studying it now directly /76 

Everything that we know on this subject, however, causes us to be grievously 
disappointed in the possibility that such a direct frontal attack can be mounted 
against the problem which we are investigating. Although geochemical investiga- 
tions are of a certain interest in solving it, the results of these investigations 

*J. Keosian has recently given expression to the idea that the formation of life 
often repeats itself and is going-on even now (see his book, The Origin o f  Life 
[Ref. 11). 
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must 
a c t u a l i s t i c  era and must n o t  be d i r e c t l y  u t i l i z e d  t o  judge t h e  processes  taking 
p l a c e  on the s u r f a c e  of t h e  Earth during t h e  i n i t i a l  per iods  of i t s  exis tence .  

n o t  b e  mechanically t r a n s f e r r e d  t o  phenomena which went on i n  t h e  pre- 

There i s  no doubt b u t  t h a t  t h e  abiogenic t ransformations of carbon compounds 
which preceded t h e  appearance of l i f e  w e r e  e f f e c t u a t e d  on t h e  s u r f a c e  of t h e  
Earth ( i n  i t s  atmosphere and hydrosphere) under condi t ions  which w e r e  s t i l l  
profoundly d i f f e r e n t  from modern ones. These d i f f e r e n c e s  reduced b a s i c a l l y  t o  
t h e  following int imately- interconnected circumstances:  

1. The absence around t h e  pr imordial  Earth of t h e  r a d i a t i o n  b e l t  which, 
according t o  R. Uffen 's  f ind ings  (Ref. 2 ) ,  r e s u l t e d  from movements i n  t h e  ter- 
res t r ia l  c r u s t  approximately 2.5 b i l l i o n  y e a r s  ago. 
c u l a r  s o l a r  r a d i a t i o n  could f r e e l y  reach t h e  Ear th ' s  sur face .  

Before t h a t ,  t h e  corpus- 

2. The l a c k  of f r e e  oxygen i n  t h e  p r e a c t u a l i s t i c  atmosphere. This excluded 
t h e  p o s s i b i l i t y  of d i r e c t  and deep oxida t ion  of reduced carbon compounds. 

3 .  Abundance of shortwave u l t r a v i o l e t  r a d i a t i o n  penet ra t ing  t h e  whole at- 
This c rea ted  f a r  g r e a t e r  p o s s i b i l -  mosphere and reaching t h e  Ear th ' s  sur face .  

i t i es  f o r  abiogenic photochemical processes  than f o r  those which take  p lace  
s o l e l y  with t h e  longer-wave r a d i a t i o n  which i s  a c c e s s i b l e  t o  t h e  Ear th ' s  s u r f a c e  
i n  t h e  modern e r a .  

4 .  The absence of l i v i n g  organisms with t h e i r  per fec ted  metabolism which 
r a p i d l y  draws v a r i e d  organic  compounds i n t o  i t s  sphere of inf luence.  

W e  do not  a t  t h e  present  time have such condi t ions  on t h e  Ear th ' s  s u r f a c e  
i n  t h e  n a t u r a l  environment. The i o n i z i n g  p a r t i c l e s  e j e c t e d  by t h e  Sun are f o r  
t h e  most p a r t  detained a t  present  by t h e  magnetic f i e l d  of t h e  Earth and are 
def lec ted  t o  form t h e  r a d i a t i o n  b e l t .  The whole terrestr ia l  globe i s  surrounded 
a t  an a l t i t u d e  of 30 km above i t s  s u r f a c e  by an ozone screen  which b a r s  t h e  
access  of shortwave u l t r a v i o l e t  r a d i a t i o n  t o  us.  The atmosphere, t h e  top l a y e r  
of the ground, and t h e  e n t i r e  hydrosphere a r e  very r i c h  i n  f r e e  oxygen. As 
recent  i n v e s t i g a t i o n s  aboard t h e  Soviet  expedi t ionary v e s s e l  Vityaz'  have 
demonstrated (Ref. 3),  even t h e  waters of t h e  deepest  depressions i n  t h e  P a c i f i c  
Ocean are t o  a g r e a t  degree s a t u r a t e d  wi th  02. W e  are a b l e  t o  discover  reducing 
condi t ions only i n  very rare and except iona l  cases, e.g. ,  i n  t h e  f . jords of 
Norway. 

- I 7 7  

But here ,  too ,  as everywhere, t h e s e  w a t e r s  are r i c h  i n  organisms, anaerobic  
microbes i n  p a r t i c u l a r ,  and w e  are unable t o  s tudy  abiogenic  processes  when 
organisms are present .  I n  t h i s  r e s p e c t  t h e  organisms "confuse a l l  our char t s . "  
They excrete i n t o  t h e  e x t e r n a l  inorganic  medium s p e c i f i c  inorganic  substances 
which can be formed only i n  h ighly  organized metabolism and, on t h e  o t h e r  hand, 
t h e  organisms absorb and consume o t h e r  substances,  drawing them i n t o  t h e i r  
metabolism which, of course,  d i d  not  e x i s t  i n  the pr imordia l  abiogenic medium. 

A s  w e  now know, Charles Darwin w a s  w r i t i n g  about t h i s  i n  one of h i s  letters 
(Ref. 4 ) :  
mordial  formation of l i v i n g  organisms. But i f  (and, ah! w h a t  a b i g  " i f " ) ,  w e  

''It is o f t e n  s a i d  t h a t  a t  present  a l l  condi t ions  e x i s t  f o r  t h e  p r i -  
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could imagine t h a t  i n  some small ,  warm body of w a t e r  containing a l l  s o r t s  of 
ammonia and phosphorous sa l t s ,  l i g h t ,  h e a t ,  e l e c t r i c i t y ,  etc. ,  a p r o t e i n  sub- 
s t a n c e  w a s  c rea ted  capable of experiencing f u r t h e r ,  more complex t ransformations , 
then a t  t h e  present  t i m e  such a substance would have t o  be consumed o r  absorbed, 
which could n o t  happen i n  t h e  per iod preceding t h e  formation of l i v i n g  c rea tures . "  

Therefore,  although a t  f i r s t  glance i t  may appear paradoxical ,  w e  must ack- 
nowledge t h a t  t h e  b a s i c  reason t h a t  t h e  pr imordial  formation of l i f e  i s  a t  pre- 
s e n t  impossible under n a t u r a l  condi t ions i s  t h a t  i t  has  a l ready  come i n t o  being. 
Therefore,  due t o  t h i s  fact  a d r a s t i c  change i n  condi t ions  has  occurred on t h e  
E a r t h ' s  s u r f a c e ,  and t h i s  change excludes t h e  p o s s i b i l i t y  of any prolonged 
evolut ion of organic  substances along t h e  same pa ths  t raversed  by t h i s  evolu t ion  
i n  t h e  p r e a c t u a l i s t i c  era of t h e  Ear th ' s  ex is tence .  

W e  are thus forced t o  cons t ruc t  our ideas  of t h i s  pr imordial  evolut ion 
c h i e f l y  on t h e  b a s i s  of labora tory  experiments i n  which w e  attempt a r t i f i c i a l l y  
t o  recreate t h e  p h y s i c a l  and chemical condi t ions which a t  one t i m e  p reva i led  on 
t h e  Ear th ' s  sur face .  

I n  s o  doing, w e  t a k e  our s t a r t  from t h e  common convic t ion  t h a t  t h e  chemical 
p o t e n t i a l i t i e s  of methane o r  another  organic  substance a r e  unchanged now as i n  
t h e  p a s t ,  both i n  t h e  primary o r  secondary terrestrial atmosphere and i n  t h e  
modern chemist 's  f l a s k ,  although t h e s e  p o t e n t i a l i t i e s  w i l l  be  r e a l i z e d  d i f f e r -  
e n t l y ,  depending on t h e  p a r t i c u l a r  condi t ions of t h e  surrounding medium. There- 
f o r e ,  by conscigusly reproducing experimental ly  t h e  condi t ions  of t h e  pre- 
a c t u a l i s t i c  era w e  are j u s t i f i e d  i n  expecting r e s u l t s  upon t h e  b a s i s  of which 
w e  w i l l  be  a b l e  t o  form an  i d e a  of events  i n  t h e  remote p a s t .  It is of course 
necessary a t  t h e  same t i m e  a l s o  t o  take  advantage of any oppor tuni t ies  t o  com- 
pare  our conclusions with t h e  facts which may be der ived from studying n a t u r a l  
substances and phenomena, n o t  only on t h e  s u r f a c e  of t h e  Earth,  but  a l s o  on 
meteor i tes  and o t h e r  c e l e s t i a l  bodies.  

/78 

The ex tens ive  d a t a  accumulated a t  present  by organic  chemistry i n d i c a t e  t h e  
except iona l ly  high r e a c t i v e  capac i ty  of hydrocarbons and t h e i r  c l o s e s t  deriva- 
tives (Ref. 5) .  

From as e a r l y  a t i m e  as t h a t  of Carl Schorlemmer (Ref. 6)  a l l  modem organic  
chemistry has  been regarded as t h e  chemistry of hydrocarbons and t h e i r  deriva- 
t ives,  because l a t e n t  i n  t h e s e  compounds are chemical p o t e n t i a l i t i e s  which are 
s t r i k i n g  and unique. There i s  no doubt whatever but  t h a t  t h e  hydrocarbons 
present  on t h e  s u r f a c e  of our p l a n e t  must have ex tens ive ly  explo i ted  these  
p o t e n t i a l i t i e s  during those many hundreds of m i l l i o n s  of y e a r s  which separated 
t h e  per iod of t h e  E a r t h ' s  formation from t h e  moment t h a t  l i f e  appeared thereon. 

Under t h e  condi t ions of t h e  p r e a c t u a l i s t i c  per iod ,  they w e r e  ab le  t o  i n t e r -  
act wi th  each o t h e r  and wi th  t h e  w a t e r  vapor,  ammonia, hydrogen s u l f i d e ,  and 
o ther  gases of t h e  secondary reducing atmosphere of t h e  Earth,  and t o  form a 
v a r i e t y  of complex compounds which i s  e n t i r e l y  f o r e i g n  t o  inorganic  na ture .  
These i n t e r a c t i o n s  of hydrocarbons and t h e i r  d e r i v a t i v e s  could come about 
spontaneously i n  t h e  p r e a c t u a l i s t i c  atmosphere and hydrosphere because of t h e  
i n t r i n s i c  p o t e n t i a l  energy of t h e  reduced carbon compounds, while  t h e  r a t e  of 
r e a c t i o n s  of t h i s  type depended g r e a t l y  on t h e  presence of p a r t i c u l a r  inorganic  
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c a t a l y s t s .  

A good i l l u s t r a t i o n  of t h i s  s ta tement  may be considered t h e  r e c e n t l y  pub- 
l i s h e d  and very thorough a r t i c l e  by C. Bird (Ref. 7) which l is ts  numerous 
organic  syntheses  ca ta lyzed  by m e t a l s  t h a t  Bird b e l i e v e s  could a l s o  have taken 
p lace  on t h e  pr imordia l  Earth.  

An important r o l e  i n  t h e  organochemical r e a c t i o n s  of t h a t  t h e ,  however, 
must a l s o  have been played by e x t e r n a l  energy sources  -- p r i m a r i l y  shortwave 
u l t r a v i o l e t  l i g h t ,  then r a d i o a c t i v e  r a d i a t i o n  from t h e  Sun and t h e  Ear th ' s  
i n t e r i o r ,  spark and s i l e n t  discharges i n  t h e  atmosphere, and, f i n a l l y ,  t h e  
high temperature of vo lcanic  e rupt ions .  

S. Miller and H. Urey (Ref. 8) g ive  t h e  following d a t a  (Table 5) on t h e  
energy sources a c c e s s i b l e  t o  t h e  p r i m i t i v e  terrestr ia l  s u r f a c e  which could be 
u t i l i z e d  f o r  pr imordial  abiogenic  syntheses .  

This t a b l e  very roundly p r e s e n t s  /79 
TABLE 5'  ENERGY CASES t h e  numerical  r e l a t i o n s h i p  of t h e  d i f -  
OF PRIMORDIAL ABIOGENIC SYNTHESIS f e r e n t  energy sources ,  bu t  takes  inade- 

1. 

2. 

3. 

4 .  

2 (kal/cm y e a r )  

Solar  u l t r a v i o l e t  l i g h t :  

2500 8, 570 

2000 8, 85 

1500 1 3.5 

E l e c t r i c a l  Discharges 4.0 

Ioniz ing  r a d i a t i o n  0.8 

quate  account of cosmic ray energy and 
energy of chargedpar t ic les  emit ted by 
t h e  Sun. A t  t h e  p r e s e n t ,  t h e  g r e a t e r  
p a r t  of i o n i z i n g  p a r t i c l e s  of t h i s  s o r t  
a r e  he ld  back by t h e  Ear th ' s  magnetic 
f i e l d .  However, b e f o r e  formation of t h e  
r a d i a t i o n  b e l t  i n  t h e  p r e a c t u a l i s t i c  era 
t h e  magnitude of t h i s  energy source w a s  
f a r  g r e a t e r  than i t  i s  now. Therefore,  
a very s i g n i f i c a n t  r o l e  i n  cases of pre- 
b i o l o g i c a l  syntheses  of organic  substances 
on Earth must a l s o  b e  a t t r i b u t e d  t o  
ion iz ing  r a d i a t i o n .  

Heat of Volcanic The u t i l i z a t i o n  of these  sources  of 
Erupt ions 0.13 energy under t h e  a r t i f i c i a l  condi t ions  

o f  t h e  labora tory ,  which i m i t a t e  t h e  
condi t ions of t h e  p r i m i t i v e  s u r f a c e  of 
t h e  Earth,  has  made i t  p o s s i b l e  i n  many 
experiments t o  synthes ize  v a r i o u s ,  some- 

t i m e s  very complex, b i o l o g i c a l l y  important substances.  The i n i t i a l  materials 
f o r  t h e s e  syntheses  w e r e  such p r i m i t i v e  compounds as methane, ammonia, and w a t e r  
vapor,  as w e l l  as c e r t a i n  very c l o s e  d e r i v a t i v e s  e a s i l y  occurr ing  i n  them, as,  
f o r  example, CO, HCN, formaldehyde, acetaldehyde, th iourea ,  ammonium thiocyanate ,  
etc. The t o t a l  number of papers published i n  t h i s  area is  now very l a r g e .  The 
r e s u l t  of t h i s  work w a s  t o  d e r i v e  organic  a c i d s  and aldehydes,  amino a c i d s  and 
polypept ides  , amines and amides , sugars  ( in  p a r t i c u l a r  r i b o s e  and deoxyribose) , 
pur ine  and pyramidine bases ,  nucleosides  and nucleophosphates,  polynucleot ides ,  
porphin-like substances,  and o t h e r  b i o l o g i c a l l y  important compounds. Many of 
t h e s e  papers w e r e  repor ted  a t  t h e  Moscow Symposium on t h e  Formation of L i f e  on 
Ear th  i n  1957 (Ref. 9) and a t  t h e  F l o r i d a  Conference on t h e  R i s e  of P r e b i o l o g i c a l  
Systems i n  1963 (Ref. 10) .  
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They are summarized i n  a d e t a i l e d  a r t ic le  by T. Pavlovskaya and A. Pasynskiy 
(Ref. 11) , as w e l l  as i n  the r e c e n t l y  published survey by the same authors  (Ref. 
12). Therefore,  w e  may restrict ourselves  h e r e  t o  poin t ing  out  merely t h e  most 
important research ,  c h i e f l y  t h a t  on p r o t e i n  and n u c l e i n i c  components. 
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The b a s i c  d a t a  on amino-acid formation under t h e  effect  of e lectr ic  dis-  
charges i n  a gaseous mixture  s i m i l a r  t o  t h e  p o s s i b l e  composition of t h e  primary 
atmosphere of the Earth w e r e  der ived as far  back as 1953 i n  S. Miller's famous 
paper (Ref. 13). Under the a c t i o n  of spark  and s i lent  discharge on a mixture of 
'=H4, NH3, H 2 ,  and w a t e r  vapors f o r  a week w i t h  t h e  mixture cons tan t ly  c i r c u l a t i n g  

(Figure 8 ) ,  $t w a s  discovered by Miller t h a t  g lyc ine ,  a lan ine ,  a-aminobutyric and 
q-aminoisobutyric acids ,  P a l a n i n e ,  a s p a r t i c  and glutamic a c i d s ,  s a r c o s i n e ,  and 
N-CH a l a n i n e  formed i n  i t .  
HCN . 
Pasynskiy (Ref. 14)  which employed a somewhat d i f f e r e n t  apparatus ,  while  t h e  
excess amount of hydrogen w a s  exchanged f o r  CO. The appropriateness  o f  t h i s  
s u b s t i t u t i o n  w a s  based on thermodynamic c a l c u l a t i o n s .  Subsequent papers by these  
authors  experimentally demonstrated the s t e r i l i t y  of the  i r r a d i a t e d  s o l u t i o n s  
and t h e o r e t i c a l l y  s u b s t a n t i a t e d  t h e  t h e s i s  t h a t  any r e a c t i o n  r e s u l t i n g  i n  forma- 
t i o n  of aldehydes and HCN would have had t o  assist i n  accumulation of a-amino 
ac ids  i n  t h e  hydrosphere of t h e  p r i m i t i v e  Earth.  

The in te rmedia te  r e a c t i o n  products w e r e  aldehydes and 3- 

Miller's f ind ings  w e r e  corroborated i n  t h e  work by T. Pavlovskaya and A. 

P. Abelson, employing a more complex 
i n i t i a l  gaseous mixture including COY C02 ,  

and N2 bes ides  CH4, NH3, H2, and H20, 

der ived (Ref. 15) an amino a c i d  mixture 
s i m i l a r  t o  Miller's. A t  t h e  same t i m e  
he demonstrated t h a t  NH cannot be re- 

placed by N 2 ,  but  t h a t  CH4 can be replaced 

by C02. 

C -hydrocarbons and concentrated NH40H, 

supplemented t h i s  l i s t  of amino ac ids  
synthesized i n  a spark discharge with 
leuc ine ,  i s o l e u c i n e ,  and v a l i n e  (Ref. 16) .  
Herns, Walter, and Meyer ( R e f .  1 7 )  i n t r o -  
duced hydrogen s u l f i d e  i n t o  t h e  i n i t i a l  
gas mixture ,  but  they w e r e  never the less  
unable t o  synthes ize  sulfur-containing 
amino ac ids  -- only t h i o a c e t a t e  and 

3 

J. Oro, s t a r t i n g  with C2- and 
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3 

Figure 8. Apparatus f o r  Synthesizing thiourea.  
Amino Acids i n  E lec t r i c  Discharge 
(According t o  S. M i l l e r )  K. Grossenbacher (Ref. 18) passed 

a spark discharge i n  an instrument which 
he had s p e c i f i c a l l y  designed through a 
mixture of NH3, CH4, and H2 f o r  100-200 

hours,  and produced t h e  following mixture of amino ac ids  i n  an aqueous s o l u t i o n :  
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(numbers r e f e r  t o  moles) -- a s p a r t i c  ac id ,  2;  th reonine ,  4; s e r i n e ,  14 ;  g l  c i n e ,  
16; a lan ine ,  14;  l y s i n e ,  4 ;  l euc ine ,  2;  i so leuc ine ,  2; and glutamic a c i d ,  1. 
Grossenbacher a l s o  de tec ted  pept ides  cons is t ing  of g lyc ine  and a l a n i n e  (5:1), 
as w e l l  as of g lyc ine  and i so leuc ine .  By t h e  end of t h e  experiment, t h e  poly- 
merizat ion products of amino ac ids  w e r e  separated from t h e  s o l u t i o n  i n  t h e  form 
of minute multi-molecular spheres  o r  d r o p l e t s .  There are fewer i n v e s t i g a t i o n s  
of amino-acid s y n t h e s i s  under t h e  a c t i o n  of ion iz ing  r a d i a t i o n  on a mixture of 
p r i m i t i v e  gases.  W e  may mention t h e  experiments by K. Dose and B. Rajewsky 
(Ref. 19) ,  who discovered t h e  formation of a c i d i c  and n e u t r a l  amino a c i d s  i n  t h e  
a c t i o n  of x-rays on a When 

Hasselstrom, Henry, and Murr (Ref. 20) i r r a d i a t e d  s o l u t i o n s  of ammonium acetate 
with 8-rays from a l i n e a r  a c c e l e r a t o r  (2 Mev), they obtained g lyc ine  and a s p a r t i c  
a c i d ,  while  Paschke, Chang, and Yaung (Ref. 21),  using t h e  y-radiat ion of Co 60 
(5.10 r )  on s o l i d  ammonium carbonate,  demonstrated the formation of g lyc ine  and 
a lan ine .  Palm and Calvin (Ref. 22) found g lyc ine  and a s p a r t i c  ac id  when a beam 
of f a s t  e l e c t r o n s  (5 Mev a t  a dose of 1O1O e rgs)  ac ted  upon a mixture of methane, 
ammonia, hydrogen, and water vapor. 

gaseous mixture of CH 4 ,  NH3, H2, C02 ,  N 2 ,  and H20. 

Formation of amino ac ids  during simple hea t ing  of i n i t i a l  s o l u t i o n s  w a s  
f irst  de tec ted  by Fox, Johnson, and Vegotsky (Ref. 23). J. O r 0  e t  aP. (Ref. 24) 
showed t h a t  s e v e r a l  amino a c i d s  (glycine,  a lan ine ,  s e r i n e ,  a s p a r t i c  a c i d ,  threo- 
n ine)  are produced simply by hea t ing  aqueous s o l u t i o n s  of formaldehyde and hydroxy- 
lamine f o r  40-60 hours at 80-100°C, o r  even a t  lower temperatures.  S i m i l a r  re- 
s u l t s  w e r e  obtained by Lowe, R e s s ,  and Markham (Ref. 251, who heated a 1.5 M 
aqueous s o l u t i o n  of NH and HCN f o r  18 hours a t  9O0C, and thereby discovered an 

apprec iab le  q u a n t i t y  of amino a c i d s ,  p a r t i a l l y  included i n  pept ides ,  and r e a c t i o n  
products l i b e r a t e d  a f t e r  hydro lys is  (among t h e s e ,  i n  a d d i t i o n  t o  g lyc ine ,  a l a n i n e ,  
and a s p a r t i c  a c i d ,  they l ikewise  produced leuc ine ,  i s o l e u c i n e ,  s e r i n e ,  threonine,  

3 

and glutamic a c i d ) .  - 182 

Harada and Fox (Ref. 26) have r e c e n t l y  performed thermal synthes is  of amino 
ac ids  from p r i m i t i v e  gases  i n  labora tory  experiments i m i t a t i n g  volcanic  condi- 
t i o n s .  These experiments a r e  very i n s t r u c t i v e ,  and -- although t h e  h e a t  of 
vo lcanic  processes s tands  i n  t h e  las t  p lace  i n  t h e  above t a b l e  giving energy 
sources  -- t h i s  s o r t  of s y n t h e s i s  could have had a c e r t a i n  s i g n i f i c a n c e  f o r  
abiogenic  formation of amino a c i d s  on t h e  p r i m i t i v e  s u r f a c e  of t h e  Ear th ,  s i n c e  
t h i s  type of energy w a s  n o t  uniformly d i s t r i b u t e d  over t h e  whole s u r f a c e ,  bu t  
was l o c a l  i n  na ture .  

Cer ta in ly ,  however, t h e  energy of shortwave u l t r a v i o l e t  rays ,  which e a s i l y  
reached t h e  terrestr ia l  s u r f a c e  because of t h e  absence of t h e  ozone screen  i n  
t h e  p r e a c t u a l i s t i c  era, never the less  was of fundamental s i g n i f i c a n c e  i n  t h e  
primary abiogenic s y n t h e s i s  of organic  substances.  The s y n t h e s i s  of amino a c i d s  
and o t h e r  organic  compounds i n  experimental  i m i t a t i o n  of condi t ions of t h i s  s o r t  
has now been widely represented  i n  t h e  world l i t e r a t u r e .  

Even W. Groth discovered (Ref. 27) g lyc ine  and a l a n i n e  formation i n  t h e  
a c t i o n  of u l t r a v i o l e t  rays  of wavelength 1470 and 1295 & (resonance lines of t h e  
xenon lamp) on a mixture  of methane, ammonia, and w a t e r  vapor. L a t e r ,  when ethane 
replaced t h e  methane, he a l s o  found a-aminobutyric acid.  A. Terenin f o r  s i m i l a r  
purposes used a hydrogen lamp emi t t ing  u l t r a v i o l e t  l i g h t  of wavelength below 
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1300 &, i n  t h i s  r e s p e c t  approaching t h e  spectrum of t h e  shortwave r a d i a t i o n  of 
t h e  Sun (Ref. 28 ) .  I r r a d i a t i n g  a mixture of CH 4 ,  NH3, and CO p l u s  water i n  t h e  

l i q u i d  s t a t e  i n  contac t  with these  gases ,  Terenin found a l a n i n e  i n  t h e  r e a c t i o n  
products.  L a t e r  i n  Terenin 's  l abora tory ,  Dodonova and Sidorova e s t a b l i s h e d  t h e  
format ion  of g lyc ine  , a l a n i n e  , a-aminobutyric a c i d  , v a l i n e  , and l e u c i n e  (or 
i so leuc ine)  when t h e  same mixtures w e r e  i r r a d i a t e d  w i t h  u l t r a v i o l e t  rays  i n  t h e  
1800-1450 8, region (Ref. 29). Addition of H2S o r  CS2 t o  t h e  mixture d id  n o t ,  

however, r e s u l t  i n  formation of sulfur-containing amino a c i d s ,  which w a s  l i k e -  
w i s e  t h e  case when e l e c t r i c a l  discharges w e r e  employed as t h e  energy sources .  

When i r r a d i a t i n g  aqueous s o l u t i o n s  containing 2.5% of formaldehyde and up 
t o  1.5% of ammonium chlor ide  o r  ammonium n i t r a t e  f o r  20 hours with rays  from a 
PFX-2 lamp, T. Pavlovskaya and A. Pasynskiy (Ref. 14) ascer ta ined  t h a t  t h e  
following amino a c i d s  were formed: s e r i n e ,  g lyc ine ,  glutamic a c i d ,  alani.ne,  
v a l i n e ,  phenylalanine,  and t h e  b a s i c  amino a c i d s  ( leuc ine ,  o r n i t h i n e ,  and - 183 
a r g i n i n e ) .  I n  t h e  presence of adsorbents (bentoni te ,  k a o l i n i t e ,  l imoni te ,  and 
o p t i c a l  quar tz )  t h e  same amino acids w e r e  found (except t h e  bas ics )  and i so-  
l e u c i n e  i n  addi t ion  (Ref. 30).  Subsequent work demonstrated t h a t  threonine was 
formed, and -- with  t h e  formaldehyde replaced by acetaldehyde -- a r g i n i n e  and 
tyros ine-were  formed. 
au thors  by i r r a d i a t i n g  a mixture of p r i m i t i v e  gases  and t h e i r  c l o s e s t  d e r i v a t i v e s  
w i t h  shortwave u l t r a v i o l e t  l i g h t  (Ref. 31).  It must be noted t h a t  n o t  only do 
amino a c i d s ,  but a l s o  organic  a c i d s  and aldehydes,  amines and amides, u rea  i n  
p a r t i c u l a r ,  form i n  t h e  p r i m i t i v e  mixtures  used f o r  s y n t h e s i s ,  both with elec- 
t r i ca l  discharges and with i r r a d i a t i o n  by u l t r a v i o l e t  rays  (Ref. 32). 

Similar  r e s u l t s  have a l s o  been produced by numerous o t h e r  

A t  t h e  same t i m e ,  under these  condi t ions polymerizat ion Jf monomeric mole- 
c u l e s  occurs,  leading t o  formation of more complex compounds (Ref. 33). 

I n  connection with abiogenic syntheses  of amino a c i d s  and t h e i r  polymers, 
w e  must b r i e f l y  touch upon a quest ion which f o r  a long t i m e  has  been discussed 
i n  t h e  l i t e r a t u r e  -- whether primary asymmetrical s y n t h e s i s  i s  poss ib le .  Sev- 
eral  t h e o r e t i c a l  p o s s i b i l i t i e s  f o r  t h i s  are unfolded by t h e  formation of amino 
a c i d s  under t h e  a c t i o n  of u l t r a v i o l e t  l i g h t .  

L e t  us r e c a l l  t h a t  t h e  f i r s t  asymmetric s y n t h e s i s  w a s  i n  f a c t  accomplished 
under labora tory  condi t ions  by u t i l i z i n g  t h e  photochemical r e a c t i o n  provoked by 
t h e  e f f e c t  of c i rcu lar ly-polar ized  u l t r a v i o l e t  l i g h t  (Ref. 34). Together with 
t h i s ,  i t  was demonstrated t h a t  l i g h t  of t h i s  s o r t  could a l s o  e x i s t  under n a t u r a l  
t e r r e s t r i a l  condi t ions (Ref. 35).  A t  p r e s e n t ,  o ther  p o s s i b i l i t i e s  f o r  primary 
formation of asymmetrical compounds o u t s i d e  of l i v i n g  n a t u r e  a r e  a l s o  known. 
J. Bernal advanced t h e  hypothesis  (Ref. 36) t h a t  asymmetry could occur i n  
organic  substances under abiogenic  condi t ions i f  s y n t h e s i s  of t h e s e  substances 
occurred on t h e  s u r f a c e  of asymmetrical quar tz  c r y s t a l s  (Figure 9) .  This 
assumption w a s  experimentally corroborated i n  cases of labora tory  s y n t h e s i s  
performed by A. Terent 'yev and Y e .  Klabunovskiy (Ref. 37). 

G.  Wald, however, expresses  doubt t h a t  any of t h e s e  abiogenic f a c t o r s  can 
create condi t ions f o r  t h e  formation of s t a b l e  asymmetry (Ref. 38). I n  h i s  
opinion,  geochemical syntheses  of organic  molecules produced only racemic 
mixtures ,  from which i n d i v i d u a l  o p t i c a l  isomers w e r e  s e l e c t e d  during t h e  formation 
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of structures of higher-order -- poly- 
peptides and proteins from amino acids, 
nucleic acids from nucleotides, and so 
on. Wald believes, in particular, that /84 
this would have had to happen during 
the selection of protein and polypeptide 
a-spirals in the process of formation. 

A. Pasynskiy also attributes the 
greatest importance in solving the prob- 
lem of the origin of asymmetry to 
clarification of the formation conditions 
for stereospecific polymers with an 
ordered three-dimensional arrangement 
of the side groups which is achieved in 

Figure 9 .  Crystals of Left- catalysts which are not optically active 
Handed and Right-Handed Quartz. (Ref. 3 9 ) .  It is possible, he points 

out, that optical asymmetry did not 
develop by means of initial formation 
of optically active monomers and trans- 

formation of them into optically active polymers. On the contrary, in the 
beginning stereospecific polymerization resulted in formation of high-molecular 
asymmetrical catalysts, and then on the basis of these catalysts, the develop- 
ment of optical asymmetry in low-molecular substances began. Therefore, optical 
asymmetry is of secondary origin. 

Besides the papers on abiogenic synthesis of amino acids and polypeptides , 
a great number of works have at the present time also been published on the 
similar synthesis of nucleotide components. J. Oro subjected a mixture of hydro- 
gen cyanide, ammonia, and water to moderate heating (from 30 to 100°C) and 
synthesized one of the purine bases -- adenine (Ref. 40). This experiment 
demonstrated the possibility of spontaneous formation of such a complex hetero- 
cyclic compound from a simple mixture of primitive gases of the Earth's at- 
mosphere, since cyanogen is easily produced from methane when it is irradiated 
in a water-ammonia system. 

Besides adenine among the reaction products, Oro also discovered &amino- 
imidazole-5-carboxamide (AICA) , 4-aminoimidazole-5-carboxamidine (AICAI) , 
formamide., and formamidine. Adenine apparently is formed directly from AICAI 
when it condenses with formamidine (Ref. 41). 

Another purine -- guanine -- was synthesized by Oro (Ref. 42) from AICA /85 
and urea, which, as was indicated above, is easily formed from primitive gases 
under ultraviolet irradiation and electric discharges. From the pyrimidine 
bases, S. Fox synthesized uracil by heating malic acid and urea (Ref. 4 3 ) .  Oro 
produced uracil from the interaction of urea in an ammonia solution with un- 
saturated compounds formed from primitive gases in an electric discharge (Ref. 
441. 

Carbohydrate components of nucleotides -- ribose and 2-deoxyribose -- have 
been synthesized under conditions like the primitive ones. Ribose was synthe- 
sized by Mariani and Torraca (Ref. 45), and 2-deoxyribose was synthesized by 
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Oro (Ref. 46) by condensing formaldehyde and acetaldehyde i n  t h e  presence of 
b a s i c  c a t a l y s t s .  

Extensive p o s s i b i l i t i e s  f o r  t h e  abiogenic s y n t h e s i s  of nuc leo t ide  components 
have a l s o  been demonstrated i n  t h e  use of i o n i z i n g  r a d i a t i o n ,  u l t r a v i o l e t  rays ,  
and e lectr ic  discharges f o r  t h i s  purpose. 

According t o  M. Calv@ (Ref. 47),  t h e  r a d i o a c t i v e  emissions of a number of 
elements, p a r t i c u l a r l y  K 
c r u s t ) ,  must t o  a f a i r l y  g r e a t  degree have been important energy sources f o r  
cases of abiogenic syntheses .  L a t e r  on (Ref. 48) Calvin and h i s  co l labora tors  
simulated K40 r a d i a t i o n  by subjec t ing  a mixture of p r i m i t i v e  gases t o  e l e c t r o n s  
of very high energy. Ponnamperuma, Lemon, Mariner, and Calvin used t h i s  pro- 
cedure t o  produce adenine from methane, ammonium, and water (Ref. 49). Under 
these  condi t ions ,  no guanine, cy tos ine ,  u r a c i l ,  o r  thymine i s  formed. It i s  
i n t e r e s t i n g  t o  compare t h i s  f a c t  wi th  t h e  predominant p o s i t i o n  which adenine 
occupies i n  a l l  b i o l o g i c a l  systems; t h i s  i n d i c a t e s  i t s  g r e a t  a n t i q u i t y  i n  t h e  
h i s t o r y  of t h e  development of l i f e .  Molecular o r b i t  computations have ind ica ted  
t h a t ,  of a l l  the  b i o l o g i c a l l y  important purines  and pyrimidines,  adenine has t h e  
g r e a t e s t  resonance energy (Ref. 50) -- which c e r t a i n l y  makes i t s  abiogenic 
s y n t h e s i s  most probable.  

(which w a s  very abundant i n  t h e  pr imi t ive  terrestrial 

From t h e  same mixture -- methane, ammonium, and w a t e r  -- under t h e  a c t i o n  of 
ion iz ing  r a d i a t i o n  r i b o s e  and deoxyribose, and poss ib ly  a l s o  o ther  sugars ,  w e r e  
successfu l ly  produced. Sugars are p a r t i c u l a r l y  s u c c e s s f u l l y  synthesized when 
the s t a r t i n g  mixture  contains  formaldehyde, which i s  e a s i l y  produced from 
p r i m i t i v e  gases wi th  e l e c t r i c  discharges.  Ribose and deoxyribose w e r e  synthe- 
s i z e d  by Ponnamperuma et a l .  (Ref. 49) by t h e  a c t i o n  of u l t r a v i o l e t  l i g h t  o r  
y-radiat ion of Co60 on t h e  gas mixture.  With HCN w a s  included i n  t h e  o r i g i n a l  
gaseous mixture ,  t h e  use of u l t r a v i o l e t  l i g h t  l e d  t o  t h e  s y n t h e s i s  of adenine,  
guanine, and urea (Ref. 51). 

A very important s t e p  i n  t h e  f u r t h e r  evolu t ion  of organic  substances on t h e m  
road toward t h e  development of l i f e  w a s  t h e  abiogenic combination of s e p a r a t e  
components i n t o  nuc leo t ide  complexes and t h e  subsequent polymerization of t h e s e  
components i n t o  polynucleot ides  i n  a fash ion  s i m i l a r  t o  that i n  which amino a c i d s  
must have polymerized i n t o  polypept ides  and p r o t e i n - l i k e  substances under t h e  con- 
d i t i o n s  of the  p r i m i t i v e  t e r r e s t r i a l  sur face .  

A fundamental p o s s i b i l i t y  of such far-reaching abiogenic polymerization of 
organic  substances i s  confirmed by a number of experiments on models, i n  which 
amino ac ids  o r  compounds r e l a t e d  t o  them w e r e  p r i m a r i l y  used as t h e  monomers. 

W e  must above a l l  mention t h e  research by S. Akabori (Ref. 52)  who, a s  f a r  
back as  1955, ind ica ted  t h e  p o s s i b i l i t y  of abiogenic  s y n t h e s i s  of pro topro te ins  
under condi t ions of t h e  p r i m i t i v e  Earth ( i . e . ,  amino a c i d  polymers with random 
arrangement of t h e  amino a c i d  r a d i c a l s  i n  t h e  polypept ide chain) .  
proved t h i s  p o s s i b i l i t y  experimentally (Ref. 53) by producing amino-acetoni t r i le  
( t h e  polycondensate of which w a s  adsorbed on kaol ine  with formation of poly- 
glycine)  from formaldehyde, ammonia, and HCN. It is  then p o s s i b l e  t o  introduce 
s i d e  chains i n t o  polyglycine by a r e a c t i o n  w i t h  aldehydes o r  with unsaturated 

H e  soon 
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hydrocarbons. I n  t h i s  way, Akabori managed t o  produce polyglycine and i t s  ana- 
logs  w i t h  a molecular weight of approximately 15,000. 

A. Wilson, when conducting experiments l i k e  those of M i l l e r  (Ref. 54) ,  
passed s i l e n t  discharges through a methane atmosphere over an aqueous s o l u t i o n  
of y e a s t  sol, ammonia, and hydrogen s u l f i d e  i n  an apparatus  which he had 
e s p e c i a l l y  designed. I n  this  process a polymer f i l m  i s  formed, and under i n f r a -  
red  a n a l y s i s  i t  proves t o  have s t r u c t u r e s  of t h e  polyethylene type with C-0 bonds. 
This m a t e r i a l  is hydrophi l ic  and absorbs methylene b l u e  and fuchs in  from an 
aqueous s o l u t i o n .  
experiment, f i lms  of a hydrophobic n a t u r e  are obtained. 

I f  ammonia and hydrogen s u l f i d e  are not  employed i n  t h e  

The experiments of S. Fox and his c o l l a b o r a t o r s  (Ref. 55) on t h e  thermal 
polycondensation of a mixture of d i f f e r e n t  amino a c i d s  are e s p e c i a l l y  i n t e r e s t i n g .  
K e r e  i t  w a s  shown t h a t  a t  temperatures on the order  of 15O-18O0C, i n  t h e  presence 
of considerable  amounts of a s p a r t i c  a c i d  and glutamic a c i d ,  t h e r e  is  spontaneous 
copolymerization of 18 d i f f e r e n t  amino ac ids  leading t o  t h e  formation of poly- 
pept ides  w i t h  molecular weights from 3000 t o  9000. Fox named them pro te inoids .  
Based on co lor  r e a c t i o n s ,  i n f r a r e d  spectrum, s o l u b i l i t y ,  e l e c t r o p h o r e t i c  mobil- 
i t y ,  and enzymatic a t t a c k a b i l i t y ,  Fox's pro te inoids  do n o t  d i f f e r  from such 
p r o t e i n s  as, f o r  example, case in .  They w e r e  p r e c i p i t a t e d  out  of a 1% aqueous /87 
s o l u t i o n  'of NaCl i n  t h e  form of globules  v i s i b l e  under t h e  microscope (micro- 
spheres) ,  which w e  w i l l  examine i n  g r e a t e r  d e t a i l  below. 

A p a r t i c u l a r  r o l e  i n  primary polymerization processes  w a s  apparent ly  played 
by phosphorus compounds. 
a c i d  completely condenses and forms a polyphosphate. Therefore,  on t h e  s u r f a c e  
of t h e  p r i m i t i v e  Ear th  with i t s  ex tens ive  l o c a l  h e a t i n g  t h e r e  must have been 
r a t h e r  large-scale  formation of polyphosphates and t h e i r  organic  compounds. 

A t  temperatures of about 3 O O 0 C  and above, phosphoric 

Inorganic  polyphosphates have a t  present  been discovered i n  s i g n i f i c a n t  
q u a n t i t i e s  i n  lower organisms -- i n  b a c t e r i a ,  a l g a e ,  fungi ,  some protozoans,  
and i n s e c t s .  These are l i n e a r  polymers of orthophosphoric a c i d  with a molecu- 
l a r  weight of 30,000-100,000. Cyclic t r i m e t a -  and tetrametaphosphates have 
a l s o  been i s o l a t e d  (Ref. 56) from a number of ob jec ts .  Inorganic  polyphosphates 
obviously p lay  a s u b s t a n t i a l  r o l e  i n  t h e  metabolism of t h e  lower organisms, 
i n  c o n t r a s t  t o  h ighly  organized l i v i n g  c r e a t u r e s  f o r  which they a r e  n o t  char- 
acter is t i c  . 

On t h e  b a s i s  of t h e i r  research  on t h e  green a l g a  Scenedesmus obliquus, I. 
Kulayev and V. Vagabov (Ref. 57) assume t h a t  s y n t h e s i s  of t h e  inorganic  poly- 
phosphates de tec ted  i n  them i s  done completely by phosphorylation which goes 
on during anaerobic fermentat ion of glucose,  i n  a s i m i l a r  f ash ion  t o  t h i s  pro- 
cess during s t o r a g e  of energy i n  ATP* i n  a l c o h o l i c  fermentat ion o r  i n  g lycolys is .  
M. and 0. Szymona, on t h e  o t h e r  hand, synthesized an enzyme from lower organisms 
which with no help from ATP converts  t h e  macroergic phosphate from polyphos- 
pha te  i n t o  glucose wi th  t h e  formation of glucoso-&phosphate (Ref. 58).  

A t  t h e  Moscow Symposium i n  1957, A. Belozerskiy (Ref. 59) a l ready  hypothe- 
s i z e d  t h a t  inorganic  polyphosphates could p lay  a s i g n i f i c a n t  r o l e  both i n  cases 

*Trans la tor ' s  Note: ATP des igna tes  adenosine t r iphosphate .  
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of abiogenic synthesis and in the very first occurring living creatures, re- 
placing ATP to a certain degree. 

G. Schra" et al. (Ref. 60) used condensed esterified phosphates in carry- 
ing out polycondensation of various biologically important compounds in an an- 
hydrous medium at a temperature on the order of 55-60'C. 
peptides from alanine-glycineglycine, and from arginine (polyarginine) they 
obtained polysaccharides of molecular weight 50,000, nucleosides, nucleotides, 
and, finally, polynucleotides -- polyadenine (molecular weight 21,000) and 
polyuracil (molecular weight 50,000)  , and so on. 

They obtained poly- 

These experiments led G .  Schramm to assume that in analogous fashion, owing /88 
to polyphosphates on the surface of the primitive Earth, the formation of protein- 
like and nuclein-like polymers 
from modern proteins and nucleic acids by more or less random arrangement of 
the monomer radicals in their chains. 

could occur which, however, must have differed 

Somewhat later G .  Schramn made a more precise determination of the compo- 
sition of the esterified polyphosphates needed for his syntheses (Ref. 61). 
This was a mixture of cyclical ethylmetaphosphates and linear ethylpo3yphosphates; 
70% tetraethyltetrametaphosphate and 30% tetraethyltetrapolyphosphate was 

' required for successful synthesis. 

At the Conference on the Origin of Prebiological Systems (Florida, 1963), 
howeyer, A.  Schwartz (Ref. 62) indicated the possibility of synthesis of poly- 
nucleotides also by means of free polyphosphoric acid in an enhydrous medium at 
60°C, i.e., on a purely inorganic basis. 

All of this leads us to believe that in the dawn of life on Earth inorganic 
polyphosphates were quite able to participate in organization of the simplest 
mechanisms of joining energy-providing and energy-consuming reactions, but it 
must be borne in mind that the above-mentioned cases of synthesis were effectu- 
ated in an anhydrous medium. 

Ponnamperuma, Sagan, and Mariner (Ref. 63) utilized ethylmetaphosphate to 
synthesize nucleotide components in an aqueous medium. 
could be ultraviolet light of wavelength 2400-2900 8, which was Perfectly acces- 
sible to the primitive terrestrial surface. Syntheses were conducted in aqueous 
solutions of adenine, adenosine, adenylic acid, ribose, and ethylmetapbosphat?. 
The mixtures were illuminated by ultraviolet light of wavelength 2537 A at 40 c. 
In so doing, the authors found transformation of adenine into adenosine, adeno- 
sine into adenosinemonophosphoric acid (AMP), AMP into adenosine diphosphate 
(ADP) , and, finally ADP into ATP. Therefore, the feasibility of abiogenic 
synthesis of adenosinetriphosphoric acid, that basic "energy currency" of 
living organisms, under conditions of the preactualistic terrestrial surface 
has been demonstrated. 

Here the energy source 

It may be thought that ethylmetaphosphate was not the sole and earliest 
source of phosphorus in primitive time. Adenosine may be formed from adenine 
and ribose under the action of ultraviolet light, not only in the presence of 
ethylmetaphosphate , but also inorganic phosphoric acid. 
ether is needed, however, to synthesize adenosinephosphates under the same 
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conditions. 

Even more proqising results are obtained when ionizing radiation is employed 
for the same purposes. With this energy source, the synthesis of adenosine in 
an aqueous solution of adenine and ribose may occur even in the absence of 
phosphorus, while formation of mono-, di-, and tri-phosphonucleotides requires 
only the presence of inorganic phosphates in order that it be accomplished (Ref. 
64). 

- / 8 9  

In summing up all that has been presented, we see that syntheses using 
models and effectuated under conditions imitating the chemical and energy 
environment on the surface of the primitive Earth afford very convincing mat- 
erial for forming an idea of the primary abiogenic transformations of the orig- 
inal carbon compounds in the preactualistic era of our planet's existence. 

Those findings which ha,ve been obtained from direct observation of the 
transformation of organic substances under natural conditions both on Earth 
and on other objects in space are far less significant. Investigations on the 
transformation of the organic substances in petroleum could be very valuable 
in this regard, but here abiogenic processes are so intimately interwoven with 
biogenic ones that it is hard to find our way among them, although recently 
certain perspectives have been opened up in this direction (Ref. 65). 

The same thing may also be said in respect to the evolution of organic 
substances beyond the confines of OUT planet. If the initial stages of this 
evolution, as we saw above, are very universal and may be confirmed on the most 
varied objects in space, the subsequent transformation of carbon compounds, on 
the other hand, is far more specific in nature and is closely associated with 
the developmental characteristics of the given cosmic body. Our research into 
more complex organic substances, their formation, and their transformation is 
restricted solely to objects in our own solar system, and only those in the 
region where planets of the terrestrial type and asteroids were formed. 

It is from a study of meteorites, carbonaceous chondrites in particular 
(Ref. 66), that we derive most of our actual data on the nature and transfor- 
mations of the more complex extraterrestrial organic substances. Here synthe- 
sis of complex organic substances must have proceeded in a reducing atmosphere 
under conditons of relative cold and of very low gravity. In contrast to the 
Earth, the carbonaceous chondrites contain water only in the bound state, like 
hydrated rocks. Organic substances are represented in them chiefly by compara- 
tively high-polymer hydrocarbons. 

They were first confirmed as long ago as 1834 by G. Rerzelius (Ref. 67) 
in the composition of the meteorite Alais". A little later, F. Wohler isolated 
a certain amount of polymeric hydrocarbon resembling ozocerite from a chondrite /90 
which fell near Kaba in Hungary (Ref. 68). Bituminous substances have subse- 
quently been extracted from most of the carbonaceous chondrites now known (Ref. 691 

In our period, for example, G .  Mueller has extracted a polymeric organic 
substance which he described as asphalt (bitumen), from the meteorite Cold 
Bokkeveld'*(Ref . 70).. 
* Translator's Note: Alais, France. Date of fall: 1806. 
**Translator's Note: South Africa. Date of fall: 1838. 

The optical neutrality of this substance enabled Mueller 
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to conclude that it had been abiogenically produced. It is interesting to note 
that when the original meteoritic material was treated with boiling hydrofluoric 
acid, in which ordinarily silicates easily dissolve, that did not take place in 
this case. 

A. Wilson (Ref. 71) sees the reason for this abnormally in the fact that 
the surface of the silicate particles in the investigated meteor is enveloped 
with a thin film of organic polymers, like the film which Wilson obtained in 
his experiments which we described above. 

Mass-spectrographic investigations, studies in ultraviolet and infrared 
light, chromatography, and other modem research methods have made it possible 
to determine the organic substances in carbonaceous chondrites with precision. 
The aliphatic nature of the hydrocarbon polymers has been established and their 
ozocerite-like nature confirmed, as well as the presence of sulfur and oxidizing 
compounds (Ref. 70). The asphalts in the carbonaceous chondrites Groznaya and 
Mighei have been examined in the USSR. High-polymer aliphatic hydrocarbons with 
linear chains of the high-molecular paraffin type were detected in them (Ref. 
73). 

Nagy, Meinschein, and Hennessy (Ref. 7 4 )  subjected the high-temperature dis- 
tillate from the chondrite OrgueilA to mass-spectrometric analysis and discovered 
aliphatic hydrocarbons containing from 15 to 24 atoms of carbon in the chain. 
These authors even compare them with the fatty acids of natural fats, but the 
abiogenic formation of this meteoritic organic matter can barely be doubted. 

We therefore see that an investigation of meteorities confirms the feasi- 
bility of far-reaching complexity and abiogenic polymerization of organic sub- 
stances, although polymerization in the meteorites took place under somewhat 
different conditions than on Earth, and therefore resulted only Pn the formation 
of comparatively uniform homologous mixtures of polymer hydrocarbons. 

The evolution of organic substances on our natural satellite, the Moon, must 
have proceeded under the very specific conditions stipulated by the lack of an 
atmosphere and a hydrosphere. 
Sagan makes the assumption that the Moon has abiogenic organic matter (Ref. 75). /91 
This author believes that this matter could have been formed on the Moon, or 
must have been brought to its surface by meteorites. It was there exposed to 
different sorts of transformations resulting from the action of the ultraviolet 
light and ionizing radiation from which the lunar surface has no protection. 
Sagan assumes that the organic substances on the Moon are located under a rocky 
layer shielding them from profound photochemical decomposition at a depth of 
about 10 meters. Here, according to Sagan, there is a layer of carbon compounds 
in a concentration of up to 10 grams per square centimeter. 

From a number of theoretical considerations C. 

Wilson goes even farther in this respect (Ref. 71), and expresses the 
supposition that the so-called lunar seas 'are asphalt lakes formed from abio- 
genic petroleum which has escaped to the surface of our satellite and then, 
with the vaporization of its volatile components and under the effect of solar 
photons, has given rise to asphalt and petroleum coke. For the time being, 
all of this is, of course, a more or less audacious assumption, and we will have 
*Translator's Note: France. 
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r e l i a b l e  information a t  our d i s p o s a l  only when w e  submit m a t e r i a l  samplings 
brought from t h e  Moon t o  d i r e c t  ana lys i s .  

It was q u i t e  r e c e n t l y  that g r e a t  hopes f o r  becoming acquainted w i t h  ex t ra -  
The te r res t r ia l  l i f e  w e r e  based on a s tudy of t h e  p l a n e t  neares t  us -- Venus. 

reason f o r  t h i s  w a s  t h a t  Venus, which i s  very favorab1y. located wi th  respect t o  
t h e  Sun, w a s  formed i n  t h e  same region of t h e  protoplanetary cloud a s  t h e  Ear th ,  
and possesses  an almost p r e c i s e l y  c i r c u l a r  o r b i t  and a m a s s  c l o s e  t o  t h a t  of 
the Earth (0.83). 
course of evolu t ion  f o r  carbon compounds a s  on Earth,  but  apparent ly  w e  must 
now give  these hopes up. 

It seemed t h a t  a l l  t h i s  should have s t i p u l a t e d  t h e  same 

Venus has  a f a i r l y  ex tens ive  atmosphere and i t s  s u r f a c e  i s  hidden from 
d i r e c t  t e l e s c o p i c  examination from Ear th  by a t h i c k  l a y e r  of high clouds.  
Therefore a s tudy of t h e  condi t ions on i t s  a c t u a l  sur face  w a s  f o r  a long t i m e  
completely out  of our reach,  and only the a p p l i c a t i o n  of radioastronomical  
methods and the launching of space rocke ts  (Ref. 76) has  c l a r i f i e d  t h i s  matter 
t o  a c e r t a i n  ex ten t .  

It has  been found t h a t  t h e  temperature of Venus' s u r f a c e  is  very high -- 
about 3OO0C, and d i f f e r s  very l i t t l e  between t h e  day and n ight  s i d e  of the 
p lane t .  The atmosphere of Venus lacks  a p e r c e p t i b l e  water-vapor conten t ,  and 
t h e r e  i s  apparent ly  no f r e e  oxygen o r  n i t r o g e n  a t  a l l .  Carbon i s  represented 
here  by carbon dioxide,  of which t h e r e  i s  about 500 t i m e s  more than i n  t h e  E a r t h ' s  
atmosphere. Venus' per iod of r o t a t i o n  i s  a t  least  t e n  Earth days, and t h e  
p l a n e t  perhaps always keeps t h e  same s i d e  turned toward t h e  Sun. No s i g n i f i c a n t  
ionosphere nor magnetic f i e l d  has been discovered around Venus. /92 

In the l i g h t  of a l l  t h e s e  f i n d i n g s ,  i t  i s  very hard t o  b e l i e v e  t h a t  develop- 
ment of l i f e  i s  p o s s i b l e  on Venus. The evolu t ion  of carbon compounds has  
obviously t r a v e l e d  completely d i f f e r e n t  pa ths  than on Earth,  because of t h e  
very d i s s i m i l a r  thermal h i s t o r i e s  of t h e s e  p lane ts .  

G. Fesenko assumes (Ref. 77 )  t h a t  from t h e  very beginning Venus had no 
apprec iab le  r o t a t i o n a l  v e l o c i t y  and was formed without  g r a v i t a t i o n a l  hea t ing .  
Since it  o r i g i n a l l y  was a comparatively cold body, Venus has n o t  been subjec ted  
t o  i n t e r n a l  s t r a t i f i c a t i o n .  The long-lived r a d i o a c t i v e  elements have remained 
more o r  less uniformly d i s t r i b u t e d  i n  i t  throughout i t s  whole mass, and have 
not  been brought up t o  t h e  s u r f a c e  l a y e r s  because of t h e i r  a f f i n i t y  t o  t h e  
l i g h t  s i l i ca tes ,  as w a s  t h e  case on Earth.  Owing t o  t h i s ,  t h e r e  w a s  no genera l  
o r  l o c a l  s u r f a c e  hea t ing ,  c r u s t  formation, o r  s e p a r a t i o n  of a secondary reducing 
atmosphere abundant i n  w a t e r  vapor,  methane, ammonia, etc. 

Radioactive h e a t  w a s  a b l e  t o  cause only a slow, but  gradual  warming of t h e  
whole p lane tary  m a s s  and has continued u n t i l  now, determining i t s  present  high 
temperature.  Therefore ,  no magnetic f i e l d  could form around Venus, nor  w e r e  
any oceanic b a s i n s  formed on i t s  s u r f a c e ,  b u t  t h e  carbon dioxide produced i n  
i t s  bowels accumulated i n  t h e  atmosphere, s i n c e  t h i s  gas could n o t  b e  absorbed 
by s i l i c a t e s  and form carbonates.  

The s tudy of Mars (Ref. 78) i s  more promising i n  t h e  respec t  i n  which w e  
are i n t e r e s t e d ,  although i t s  mass i s  s u b s t a n t i a l l y  less than t h a t  of t h e  Ear th  
(0.11 of t h e  Ear th ' s  m a s s )  and, because of t h e  p l a n e t ' s  g r e a t  d i s t a n c e  from 
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t h e  Sun, i t s  s u r f a c e  temperature i s  considerably lower than t h a t  of our p lane t .  
T h i s  temperature undergoes s u b s t a n t i a l  d a i l y  f l u c t u a t i o n s ,  varying i n  t h e  t r o p i c  
regions from 20°C a t  noon t o  -65'C a t  n i g h t .  
l ength  t o  ours ,  bu t  i t s  y e a r  i s  notab ly  longer (687 days) .  
i t s  equator t o  t h e  e c l i p t i c  i s  c l o s e  t o  t h e  Ear th ' s ;  t h e r e f o r e ,  Mars has a 
change i n  seasons of t h e  y e a r  l i k e  ours.  

The Martian days are c l o s e  i n  
The i n c l i n a t i o n  of 

The Martian atmosphere i s  very  g r e a t l y  a t tenuated .  For the most p a r t ,  it 

I n  t h e  atmosphere of Mars w e  can d e t e c t  
apparent ly  c o n s i s t s  of n i t r o g e n  ( 9 8 % ) ,  argon (1.2%) , carbon d ioxide  (0.25%) , 
and a s m a l l  f r a c t i o n  of w a t e r  vapor. 
c i r r u s  clouds of ice c r y s t a l s  and yellow clouds of dus t  o r  f i n e  sand. The 
poles  of Mars are covered with whi te  caps cons is t ing  of ice i n  a very t h i n  

spr ing  dark greenish-blue contiguous regions are formed which many astronomers 
regard as vegeta t ion  zones gradual ly  expanding as t h e  thawing waters of spr ing  
move, but  t h e  quest ion of t h e  e x i s t e n c e  of l i f e  on Mars cannot y e t  be considered 
as solved. 

layer .  On t h e  edges of t h e  p o l a r  caps and f a r t h e r  toward t h e  equator ,  i n  /93 

The low average temperatures ,  t h e  low q u a n t i t y  of water, and t h e  high irra- 
d i a t i o n  of t h e  Martian s u r f a c e  by u l t r a v i o l e t  l i g h t  have set  up s e r i o u s  b a r r i e r s  
aga ins t  t h e  p o s s i b i l i t y  t h a t  t h e  v a s t  major i ty  of t e r r e s t r i a l  organisms could 
l ive  on t h e  s u r f a c e  of Mars. 
i n i t i a l  per iods of i t s  e x i s t e n c e  Mars w a s  r i c h e r  i n  water  than i t  now is ;  t h e  
evolut ion of organic  substances and t h e  rise of l i f e  could t h e r e f o r e  fol low t h e  
p a t t e r n  on Earth.  I n  a d d i t i o n  t o  t h i s ,  t h e  high capac i ty  of organisms t o  
adapt t o  environmental condi t ions  make it probable t h a t  l i f e ,  once i t  developed 
on Mars, would be a b l e  t o  adapt t o  t h e  except ional ly  severe climate which now 
exists on t h i s  p l a n e t .  

However, many modern au thors  b e l i e v e  t h a t  i n  t h e  

A f a c t  discovered by W. Sinton (Ref. 79) i s  t h e r e f o r e  very i n t e r e s t i n g :  
i n  the r e f l e c t e d  i n f r a r e d  l i g h t  from Mars, t h e r e  are t h r e e  bands -- 3 . 4 5 ,  3.58, 
and 3.69 microns -- whichbelong t o  C-H bonds and i n d i c a t e  t h e  presence of or- 
ganic  molecules, hydrocarbons i n  p a r t i c u l a r .  These bands c h a r a c t e r i z e  only 
t h e  dark regions of t h e  p lane t  and a r e  lacking i n  i t s  b r i g h t  p a r t s .  N .  Colthup 
(Ref. 80) i n t e r p r e t s  these bands as proof of t h e  presence on Mars of organic  
aldehydes,  p a r t i c u l a r l y  acetaldehyde,  which could have been formed h e r e  during 
t h e  metabolism of anaerobic organisms, i n  t h e  same way t h a t  i t  i s  produced a t  
a c e r t a i n  s t a g e  i n  a l c o h o l i c  fermentat ion.  Sinton a l s o  defends t h e  biogenic  
n a t u r e  of t h e  organic  substances on Mars, s i n c e  h e  b e l i e v e s  t h a t  -- i f  constant  
regenera t ion  of these substances (as a r e s u l t  of metabolism) d id  not  occur -- 
they would then be very r a p i d l y  covered with dus t  o r  destroyed by u l t r a v i o l e t  
l i g h t .  

I n  opposi t ion t o  t h i s ,  D. Rea (Ref. 81) on t h e  b a s i s  of h i s  research con- 
s i d e r s  t h a t  Sinton 's  l i g h t  bands s t i l l  cannot be regarded as proof of t h e  
presence of l i f e  on Mars and t h a t  preference must be given t o  t h e  p o s s i b i l i t y  
of an abiogenic formation of organic  substances on t h i s  p l a n e t .  

Young, Ponnamperuma, and McCaw (Ref. 82) have r e c e n t l y  performed s imulat ion 
experiments demonstrating t h e  f e a s i b i l i t y  of abiogenic  formation of organic  
substances and t h e i r  polymers on Mars. These au thors  designed a chamber i n  
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which condi t ions  similar t o  t h e  Martian condi t ions  w e r e  c rea ted  -- temperature 
f l u c t u a t i n g  i n  a d a i l y  cyc le  from -70 t o  +3OoC,  p ressure  of 65 microbars,  at- /94 
mosphere c o n s i s t i n g  of 65% CO and 33% N (and an a d d i t i o n  of 2% acetaldehyde 
when necessary) ,  s o i l  c o n s i s t i n g  of l imoni te  and sand,. and a s m a l l  amount of 
w a t e r  vapor. 
and t h e  i l lumina t ion ,  l i k e  t h e  temperature,  v a r i e d  i n  a d a i l y  rhythm. 

2 
The chamber w a s  i l lumina ted  by q u a r t z  u l t r a v i o l e t  lamps (2537 A), 

The experiments showed considerable  f i x a t i o n  of C 0 2  with formation of organic  
substances,  i n  p a r t i c u l a r  wi th  t h e  p o s s i b l e  formation of acetaldehyde. Acetal- 
dehyde i t s e l f  under t h e s e  condi t ions  i s  e a s i l y  polymerized, passing i n t o  non- 
v o l a t i l e  compounds, p a r t i c u l a r l y  sugars  (peptoses and hexoses).  The presence 
of l imonite ,  which adsorbs s y n t h e s i s  products and prevents  t h e i r  re-decomposi- 
t i o n  by u l t r a v i o l e t  l i g h t ,  is very important.  

These authors  b e l i e v e  t h a t  t h e  organic  substances (including acetaldehyde) 
ab iogenica l ly  synthesized i n  t h e  Martian atmosphere ga ther  on t h e  p l a n e t ' s  
s u r f a c e  and accumulate i n  i t s  dark areas, while  they may be destroyed i n  t h e  
b r i g h t  regions.  This i s  a l s o  an explanat ion of S in ton ' s  phenomenon. It may 
b e  expected t h a t  t h e  ever-increasing progress  i n  t h e  conquest of space w i l l  
soon now enable  us t o  obta in  very s i g n i f i c a n t  and r e l i a b l e  d a t a  on t h e  pa ths  
of evolut ion of organic  compounds on t h e  e x t r a t e r r e s t r i a l  o b j e c t s  of our s o l a r  
system . 

A s p e c i f i c  f e a t u r e  of t h e  condi t ions under which t h e  abiogenic syntheses  of 
evermore complex organic  substances develop on t h e  Ear th ' s  s u r f a c e  has  been t h e  
presence t h e r e  of an ex tens ive  hydrosphere which i s  t o t a l l y  lacking on t h e  
a s t e r o i d s ,  t h e  Moon, Venus, and Mars. The p a r t i c u l a r  watery expanses bordering 
on t h e  atmosphere must have c rea ted  very favorable  condi t ions  f o r  u n i d i r e c t i o n a l  
evolut ion of organic  substances.  

W e  must bear  i n  mind t h a t  i n  a l l  t h e s e  cases of s y n t h e s i s  of complex organic  
substances from p r i m i t i v e  gases ,  which w e r e  imi ta ted  i n  t h e  s imulat ion experi-  
ments given above, t h e  f e a s i b i l i t y  of r a p i d l y  removing them from t h e  r e a c t i o n  
zone i n  order  t o  avoid d e s t r u c t i o n  of t h e  compounds formed was of very g r e a t  
s i g n i f i c a n c e  f o r  t h e  q u a n t i t a t i v e  y i e l d  of t h e  f i n a l  r e a c t i o n  products under 
n a t u r a l  condi t ions.  

D. Hul l ,  ?or  example, i s  of t h e  opinion (Ref. 8 3 )  t h a t  u l t r a v i o l e t  l i g h t ,  
as t h e  most powerful energy source,  w a s  not  only a b l e  t o  produce organic  sub- 
s tances ,  but  a l s o  t o  des t roy  them again,  and t h a t  equi l ibr ium under t h e  condi t ions  
of a closed system would have t o  take  a form which d i d  n o t  favor  s y n t h e s i s .  
Therefore,  h i s  c a l c u l a t i o n s  show t h a t  concentrat ion of organic  substances on 
t h e  s u r f a c e  of t h e  w a t e r  bas ins  of t h e  Earth could b e  only n e g l i g i b l y  s m a l l .  

These c a l c u l a t i o n s  he ld  t r u e ,  however, only when t h e  e n t i r e  process  is 
r igorous ly  r e s t r i c t e d  merely t o  a t h i n  s u r f a c e  l a y e r  of w a t e r  and i f  t h e  syn- 
thes ized  substances cannot leave t h e  r e a c t i o n  zone. Under n a t u r a l  condi t ions  
w e  have no such i d e a l l y  c losed systems, and t h e  products  of s y n t h e s i s  necessar- 
i l y  migra te  out  of t h e  shortwave-radiation sphere of inf luence.  Very favorable  
condi t ions i n  this  r e s p e c t  w e r e  c rea ted  by t h e  contac t  of d i f f e r e n t  r e a c t i o n  
zones, e.g., of t h e  w a t e r  s u r f a c e  absorbing t h e  products  of u l t r a v i o l e t  r a d i a t i o n  
and of t h e  atmosphere; t h e  contac t  between t h e  cold atmosphere and an e lec t r ica l  

- 195 

71 

I 



discharge zone; the presence of streams of water and co ld  gases  r a p i d l y  removing 
substances formed on t h e  h o t  s u r f a c e s  of vo lcanic  lava, and s o  on. Of t h e  
g r e a t e s t  s i g n i f i c a n c e  i n  a l l  t h e s e  cases i s  t h e  accumulation of t h e  compounds 
formed i n  t h e  w a t e r s  of seas and oceans which t h e s e  compounds penetrated from 
t h e  atmosphere and s u r f a c e  l a y e r s  of t h e  l i t h o s p h e r e  and where they gathered 
at  an appropr ia te  depth,  being pro tec ted  from re-des t ruc t ion  by shortwave radi-  
a t i o n .  For t h e s e  reasons ,  t h e  q u a n t i t y  of organic  substances synthesized i n  
t h e  atmosphere and deposi ted i n  t h e  w a t e r s  of t h e  terrestr ia l  hydrosphere must 
have been very s u b s t a n t i a l .  

According t o  computations by H. Urey (Ref. 8 4 )  and C. Sagan (Ref, 85) i n  
a period of a b i l l i o n  y e a r s  t h i s  q u a n t i t y  must have been approximately 1 kg per 
1 cm3 of s u r f a c e ,  while  t h e  concentrat ion of t h e s e  materials i n  t h e  waters of 
t h e  world's  oceans would have t o  reach an order  of 1% i n  t h e  same period. 

Therefore,  a t  a c e r t a i n  per iod i n  t h e  Ear th ' s  ex is tence  t h e s e  w a t e r s  would 
have been converted i n t o  an  unusual "primary broth' '  containing,  along with t h e  
inorganic  salts, var ious  organic  substances -- simple and complex monomers and 
polymers, e s p e c i a l l y  a l s o  energy-rich organophosphorous organic  compounds cap- 
a b l e  of en ter ing  i n t o  numerous i n t e r r e l a t i o n s h i p s  w i t h  each o ther .  

The composition of t h i s  "primary broth" w a s  cont inua l ly  changing and evol- 
v i n g ¶  both a s  a whole and i n  i t s  s e p a r a t e  p a r t s .  I t s  content  of organic  sub- 
s tances  w a s ,  on t h e  one hand, cont inua l ly  replenished by endogenic and exogenic 
sources  of carbon compounds ( the Ear th ' s  c r u s t ,  meteor i tes ,  and comets), 
w h i l e ,  on t h e  o t h e r  hand, i t  w a s  reduced because t h e  organic  substances under- 
went profound decay. Therefore ,  t h e  concentrat ion of organic  substances d i s s o l -  
ved i n  water v a r i e d  extremely as a whole and, i n  p a r t i c u l a r ,  i n  t h e  s e p a r a t e ,  
more o r  less i s o l a t e d  w a t e r  b a s i n s ,  where i t  could,  f o r  example, rise with 
l o c a l  evaporation of t h e  w a t e r .  
t h e  q u a l i t a t i v e .  composition of t h e  "primary broth" a l s o  evolved, and t h e  
substances present  i n  i t  became more complex and w e r e  polymerized, while  new 
compounds a rose ,  p a r t i c u l a r l y  i n  connection wi th  t h e  genera l  changes i n  condi- 
t i o n s  on t h e  terrestrial  sur face .  

Concurrently w i t h  t h e s e  q u a n t i t a t i v e  changes, 
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This may b e  i l l u s t r a t e d  by A. Szutka's recent  experiments (Ref. 86) on 
abiogenic s y n t h e s i s  of porphyrins.  Based on t h e s e  experiments,  Szutka a r r i v e s  
a t  t h e  conclusion t h a t  porphins and t h e i r  d e r i v a t i v e s  must have been produced 
i n  the "primary broth" a t  a r e l a t i v e l y  l a te  s t a g e  i n  i t s  evolu t ion ,  a t  t h e  
beginning of t h e  t r a n s i t i o n  per iod from t h e  p r e a c t u a l i s t i c  t o  t h e  a c t u a l i s t i c  
era when a s m a l l  q u a n t i t y  of f r e e  O2 appeared i n  t h e  Ear th ' s  atmosphere, and t h e  
ozone screen came i n t o  being (Ref. 8 7 ) .  

It is  i n t e r e s t i n g  t o  compare t h i s  conclusion with research  i n d i c a t i n g  t h a t  
porphin d e r i v a t i v e s  t a k e  no p a r t  i n  metabolism i n  several contemporary anaerobes 
(Ref. 881, w h i l e  i n  aerobes they comprise a very important component of t h e  
oxidizing enzymes. 

Whatever course t h e  evolu t ion  of t h e  "primary broth" 
always remained i n  p r i n c i p l e  only a more o r  less complex 
sal ts  and organic  substances.  The order  of the chemical 

may have taken, it 
s o l u t i o n  of inorganic  
t r a n s  f onnat ions  of 
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organic  substances o.ccurring i n  i t ,  t h e i r  formation, and t h e i r  decay d i f f e r e d  
r a d i c s l l y  from the sequence which i s  c h a r a c t e r i s t i c  of a l l  l i v i n g  beings with- 
out  exception. I n  t h e s e  be ings ,  t h e  sequence of s e p a r a t e  r e a c t i o n s  is s t r i c t l y  
coordinated i n  t h e  u n i f i e d  process  of metabolism because of t h e  s p e c i f i c  organi- 
z a t i o n  which a l ready  pre-ex is t s  i n  them (Ref. 89). Therefore,  t h e  order  of t h e  
processes  which are accomplished here is very goal-directed and capable of 
leading t o  a cons tan t ly  recur r ing  synthes is  of sometimes very complex and spe- 
c i f i c  compounds, which may thus  b e  produced and be s t o r e d  i n  t h e  ce l l  i n  sub- 
s t a n t i a l  q u a n t i t i e s .  

T h e  "primary broth" of course w a s  completely lacking i n  an order  of t h i s  
s o r t .  J u s t  as i n  a simple aqueous s o l u t i o n  of organic  substances,  t h e  chemical 
t ransformations occurr ing i n  t h e  "broth" proceeded i n  accord only wi th  t h e  
genera l  l a w s  of physics  and chemistry. They d id  n o t  have any d i r e c t e d ,  organized 
na ture ,  but  w e r e  e f f e c t e d  i n  a l l  d i r e c t i o n s  i n  t h e  broadest  f i e l d  of chemical 
p o t e n t i a l i t i e s .  
i n d i v i d u a l  r e a c t i o n s  cr iss-crossed each o t h e r  i n  t h e  most capr ic ious  manner. 
Therefore,  a g r e a t  v a r i e t y  of a l l  s o r t s  of organic  substances and t h e i r  polymers 
could come i n t o  being here ,  bu t  t h e  more complex and s p e c i f i c  a given substance 
w a s ,  t h e  greater t h e  number of s e q u e n t i a l  r e a c t i o n s  t h a t  had t o  p a r t i c i p a t e  i n  
its formation, t h e  less probable  was its formation, and consequently a l s o  t h e  
s m a l l e r  t h e  concentrat ion of t h i s  s p e c i f i c  substance had t o  be i n  t h e  "primary 
broth.  

Any substance could be a l t e r e d  here  i n  very d i v e r s e  ways, and 
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It is  t h e r e f o r e  easy t o  imagine t h e  p o s s i b i l i t y  of ex tens ive  abiogenic  
formation of sugars ,  amino a c i d s ,  pur ine  and pyrimidine bases ,  and t h e i r  non- 
s p e c i f i c  polymers, bu t  i t  i s  extremely improbable t h a t  p r o t e i n s  o r  n u c l e i c  a c i d s  
of t h e  modern type w e r e  formed h e r e ,  i .e . ,  substances assigned a s p e c i f i c ,  
r igorous ly  determined i n t e r -  arrangement of amino a c i d  o r  mononucleotide rad i -  
cals, with molecular s t r u c t u r e ,  very p e r f e c t l y  adapted t o  t h e  func t ions  which 
t h e  p r o t e i n  o r  n u c l e i c  a c i d s  support  i n  any l i v i n g  body. For p r o t e i n s ,  i n  
p a r t i c u l a r ,  t h i s  func t ion  i s  t h e  s p e c i f i c  c a t a l y t i c  a c t i o n  which enzymes perform 
i n  t h e  l i i r ing ce l l .  

As w e  s a w  above, t h e  f e a s i b i l i t y  of abiogenic s y n t h e s i s  i s  f a r  from being 
e s t a b l i s h e d  f o r  a l l  t h e  amino a c i d s  included i n  t h e  composition of modern pro- 
t e i n s .  Therefore ,  i t  may be assumed t h a t  some amino a c i d s  a r o s e  l a te r  under 
more complex condi t ions  a t  a h igher  s t a g e  i n  t h e  evolut ionary development of 
organic  m a t t e r .  I f  t h i s  i s  so ,  then t h e  primary polypept ides  and pro topro te ins  
must no t  have contained a f u l l  complement of amino a c i d s .  They w e r e  f a r  more 
p r i m i t i v e  polymers than  modern p r o t e i n s ,  even with r e s p e c t  t o  t h e i r  amino-acid 
composition. J u s t  t h i s  a lone  could restrict  t h e i r  c a t a l y t i c  func t ions ,  s i n c e  
such amino a c i d s  as, f o r  example, h i s t i d i n e  o r  c y s t i n e ,  are obl iga tory  component 
p a r t s  of t h e  active c e n t e r s  f o r  many modern enzymes. 

The s t r i c t l y - o r d e r e d  arrangement of amino-acid r a d i c a l s  i n  t h e  polypept ide 
chain of modern p r o t e i n s  and t h e  s p e c i f i c  packing of t h i s  chain i n  t h e  p r o t e i n  
globule ,  both of which are inherent  i n  modern p r o t e i n s ,  are, however, of p a r t i -  
c u l a r l y  g r e a t  s i g n i f i c a n c e  t o  t h e  enzymatic a c t i v i t y  of t h e s e  p r o t e i n s .  

This s o r t  of ordered in t ramolecular  s t r u c t u r e  occurs  now only because of 
t h e  a c t i o n  of very complex highly-organized chemical mechanisms i n  t h e  l i v i n g  
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cell, and in the organic matter solution of the "primary broth" its formation is 
entirely excluded. Therefore, no such highly-organized proteins as the modern 
ones, particularly enzymes (Ref. go), which are the unusual organs of the living 
cell on the molecular level, could form in this broth. Their intramolecular 
structure is very well and "expediently" adapted to performance of those catalytic 
functions which they perform in the metabolism of the integral living system. 
But it is precisely the development of this adaptation under the conditions of a 
simple aqueous solution 
before the formation there of such integral systems. 

in the "primary broth" that is extremely improbable even /98 

The concept of this sort of primitive formation of enzymes is to a certain 
degree reminiscent of that of the ancient Greek philosopher Empedocles (Ref. 9 1 ) ,  
who said that the separate organs were originally formed on Earth: "...there 
grew a multitude of heads without necks, single arms wandered devoid of shoulders, 
eyes moved without foreheads." Subsequently, these organs ostensibly grew to- 
gether, and animals and men thus were produced. Today we fully realize that an 
eye or an arm could come into being only in the evolution of an entire body. 
By analogy to this, expediently constructed proteins and enzymes could be formed 
and perfected only in the evolution of an entire system which already possessed 
a certain -- even though primitive -- metabolism in which enzymes performed their 
assigned roles. Only in this metabolism-endowed system did the gradual adaptation 
of the internal structure proceed in the course of evolution -- first of primi- 
tive proteins, and then also of enzymes -- toward the functions which they per- 
form in metabolism. 

Consequently, the solution of the problem of the primary formation of the 
ordered and efficient structure of proteins requires first of all an answer to 
the question of how -- from the chaos of mutually criss-crossing reactions of an 
aqueous solution -- a definite sequence of metabolism could be organized. We 
need to clearly represent and experimentally substantiate the method of the 
possible formation in the "primary broth" of these initial systems, in which the 
specific order of their interactions with the environment was specified in the 
evolutionary process, gradually approaching the modern type of metabolism for 
every living being. 

At present, the opinion is widely stated in the scientific literature that 
these initial systems could be simply individual molecules of those polynucleo- 
tides with random arrangement of monomer radicals in the chain, which arose first 
in the world "broth". Inherent in these molecules was the property of comple- 
mentarity common to all polynucleotides. Therefore, according to J.B.S. Haldane 
(Ref. 9 2 ) ,  G .  Schramm (Ref. 61) ,  and Ponnamperuma et al. (Ref. 6 3 ) ,  even under 
abiogenic conditions the possibility must have been developed for pre-existing 
nucleotides to synthesize continuously and more rapidly, and for molecules 
endowed with a certain secondary polymer-chain structure to "multiply automati- 
cally" at an ever-accelerating tempo. 
tion, the polynucleotide molecules kept on evolving and improving their secondary 
structure, approaching in this respect the structure of modern nucleic acids. 

Subjected to mutations and natural selec- 
/99 

On the basis of this evolution ''on the molecular level," however, it is dif- 
ficult to conceive of, not to speak of experimentally reproducing, the origin of 
metabolism. If this sort of polymerization of mononucleotides is produced in 
their pure isolated solutions,this leads only to formation of unusual 
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agglomerations structurally resembling polynucleotides. Under natural conditions 
this would produce only deposits of these substances similar to deposits of ozo- 
cerite or of another mixture of organic homologues. If, however, this polymeri- 
zation is effected in the presence of other polymers -- e.g., polypeptides (which 
apparently must have taken place in the "primary broth'?,-- the resultant poly- 
nucleotides inevitably form multimolecular complexes with these polymers, and 
separate out of the surrounding solution as individual systems (coacervate 
droplets), as has recently been demonstrated in experiments in our laboratory 
in the Institute of Biochemistry imenii A.N. Bakh of the Academy of Sciences of 
the USSR (Ref. 94). Here only the size of the polymer molecules formed is of 
essential significance for this sort of separation, not the order in which the 
monomer radicals are arranged in their chain; this order may be quite random. 

It is important to note that, when complex systems are formed, the equili- 
brium of the polymerization reaction shifts sharply toward synthesis. 

It is precisely these complex systems, not the individual molecules in the 
solution, which must have been the initial formations which subsequently were 
organized into primary organisms. Only systems of this sort could evolve on the 
basis of their interaction with the external environment and of natural selection. 
They originally included only primitive polypeptides and polynucleotides with 
no order in their structure. Subsequently, however, the polynucleotides began 
to acquire a more and more efficient intramolecular structure adapted to the 
functions which they perform in integral systems which have evolved. 
these systems, we cannot conceive of improvement of individual molecules, as we 
cannot conceive of the formation and perfection of any organ -- eye or arm -- 
outside of an organism. 

Outside of 

The rise of multimolecular complex systems in the originally uniform "broth" 
of the terrestrial hydrosphere and their subsequent perfection were a further, 
very important stage in the evolution of carbon compounds on the road toward the 
development of life. 
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IV. THE RISE OF PREBIOLOGICAL SYSTEMS 

I It is characteristic of life that it is not simply scattered in space, but 
is represented by individual, very complex systems -- organisms -- which are separ- 
ated from the external world. Their rise could occur only on the basis of pro- 
longed evolution, the gradual perfecting of some far more simple initial systems 
which had separated themselves from the over-all uniform solution of organic 
substances (Ref. 1). 

In the beginning these systems could even have been simply sections of the 
"primary broth" which had isolated themselves, were separated from the medium 
surrounding them by some dividing surfaces, but were capable of interacting 
with this medium. 
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Goldacre's vesicles (Ref. 2) may be cited to illustrate such a system which 
forms even under present-day conditions in nature (Figure 10). 
recently described the formation of small closed bubbles contained in a protein- 
lipid envelope on the surface of natural bodies of water. They are generated 
from the protein-lipoid film on the water's surface simply under the action of 
wind. This film is formed today from the products of bodily decay of organisms, 
but the simulation experiments of Wilson (Ref. 3) show that it could also have 
been generated from abiogenic carbon compounds in the primitive ocean. 

Goldacre has 

(4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - -  / Lipoid --------- --- 
- 

'.Protein 

Water 
/ (d Water 

Air Air 

Figure 10. Vesicle Formation (According to R. Goldacre). 
a, by cy d -- Successive Stages. 

n 
I A s  pointed out above, Fox et al. (Ref. 4 )  , simulating volcanic conditions, /IO4 

subjected a mixture of 18 amino acids (with dicarboaic acids in the majority) to 
heating at 17OoC in a piece of lava. This produced polymers -- proteinoids which 
in aqueous solutions formed multimolecular microspheres 2-711 in diameter with an 
external resemblance to the regular elements that have been detected in meteorites 
(Figure 11). The artificially produced proteinoid microspheres can keep their 
shape for a protracted period and withstand centrifuging at 3000 rpm. They are 
resistant to the operations accompanying the preparation of microtomic slices, 
as was first demonstrated by R. Young and E. Munoz (Ref. 5) ,  are Gram-positive, 
and display a number of other characteristics connecting them with bacteria cells 
(Ref. 6). The electron-microphotographs shown at the Wakulla Springs Conference 
(1963) by S. Fox and R. Young (Ref. 7) are indeed striking in their resemblance 
to similar photographs made of bacteria slices. 
granular structure of the microspheres and even the double membrane coating the 

These microphotos displayed the / lo5  
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Figure 11. Simple Microspheres 
of S. Fox Under the Optical 
Microscope (size -- 7 microns) 

Figure 12. The Same 
Microspheres as in Figure 
11 Under the Electron 
Microscope. Note the 
Double Membrane. 

surface of these artificial products 
like the protein-lipoid membrane of a 
living cell (Figure 12). 

All this demonstrates the remarkable capacity for three-dimensional self- 
organization belonging to macro-molecular complexes formed under conditions 
resembling primitive ones, and must be taken into account when studying the 
problem of the formation of the protoplasmic structure of primitive organisms. 

We must always, however, think of any system as being organized not only 
in space, but also in time, since these two aspects of organization are insep- 
arable from each other. Any system possesses, on the one hand, a certain size 
and structure -- the patterned arrangement of its parts with respect to each 
other -- and, on the other hand, a definite combination and sequence to the 
processes which take place within it. 
zation -- the metabolism continuously going on in it -- is of particularly 
great significance, because even the very structure of protoplasm is not by 
nature static, but dynamic. Its stability comes not from unchangeability, but, 
on the contrary, from the continuous nature of the biochemical processes going 
on in the protoplasm, the patterned combination of synthesis and breakdown (Ref. 

In protoplasm, this last form of organi- 

8) 
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The comparatively simple, abiogenic formations which in the past took shape 
from the organic materials of the original ocean, and which were the first 
systems on the way toward the development of life, had to evolve both in respect 
to spatial organization involving complexity and improvement of the structure, 
and with respect to temporal organization in order to establish a definite se- 
quence in the processes occurring in these formations. 

For an investigator working on the problem of the development of life, it 
is therefore exceptionally important to ascertain the evolutionary ways in which 
the definite order of metabolism arose from the chaos of the orderless, mutually 
criss-crossing reactions in the "primary broth." The solution to this excep- 
tionally complex problem must be approached from two sides. On the one hand, 
profound comparative biochemical research on modern organisms is necessary to 
enable us to bring to light the reactions and combinations thereof which under- 
lie metabolism in all living creatures without exception and which may hence be 
regarded as the oldest, original metabolic systems that had come into existence 
even when the tree of life had not ramified into its individual branches. 

The other path of research is to set up experiments on models which in 1106 
some measure reproduce the phenomena that occurred under the conditions of the 

(or even the impossibility) that under these conditions 
could arise whose evolutionary development would gradually organize the set of 
reactions occurring in these systems, consistently approximating the order which 
is inherent in even the most primitive metabolism. 

primary broth." The aim of these experiments is to demonstrate the possibility I t  

any individual systems 

In this respect, FOX'S microspheres in the form in which they are produced 
under thermal action open up no great possibilities. Their structure is static. 
This is very favorable for electron-microscopic studies of them, but it creates 
great difficulties for their transformation into dynamic systems which might be 
used in simulating the evolution of metabolism. 

A characteristic feature of biological polymers -- proteins, nucleic acids, 
carbohydrate and lipoid polymers -- is their clearly pronounced capacity to 
form complexes with other high-molecular organic substances. In this process, 
structures frequently occur whose physical and chemical properties substantially 
differ from those of the individual substances comprising them. 

/ l o7  

Bungenberg de Yong mixed dilute aqueous solutidns of gelatin and gum arabic 

The reason 
together and observed (Ref. 9 )  that, under certain temperature and acidity 
conditions rather common in nature, the mixture becomes very turbid. 
for this is that the molecules of gelatin and gum arabic, which were previously 
uniformly distributed throughout the whole volume of the diluent, begin to join 
together into unbroken molecular "swarms" or "clusters .I1 When these clusters 
reach a certain rather large size, they separate from solution in the form of 
droplets visible under the ordinary optical microscope and swim freely in the 
water surrounding them, which now proves to be already almost entirely deprived 
of these polymers (Figure 13). 

Bungenberg de Yong called the structures which he produced 'coacervate 
droplets' (Ref. 10). Be showed (Ref. 11) that the coacervation process is one /lo8 
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Figure 13. Coacervate Droplets of 
Gelatin and Gum Arabic 

of the most powerful methods of concen- 
trating high-polymer substances from 
greatly attenuated solutions of them. 
Coacervate droplets were, for example, 
thus separated from a solution containing 
only 0.001% of gelatin. In the droplets 
themselves, however, the polymer concen- 
tration reaches several tens of percents. 
Although the droplets are liquid in 
consistency and in several cases are 
hydrophilic, they are distinctly separated 
from the aqueous solution surrounding 
them (the so-called equilibrium liquid) 
by an abrupt surface boundary, although 
they are able to interact chemically 
with their environment. Both Bungenberg 
de Yong himself (Ref. 12) and subsequent 
authors (Ref. 13) produced coacervate 
droplets from many other organic polymers 
besides gelatin and gum arabic. To be 
more specific in our laboratory 

in the A.N. Bakh Institute of Biochemistry, K. Serebrovskaya (Ref. 14) produced 
17 types of coacervates of differing composition whose drops included various 
proteins (including albumin and histone), nucleic acids, polyglycosides, lipoids, 
chlorophyll, etc. (Figure 14). 

, 

Figure 14. 
Coacervate, 
pH 9 ,  X 800 

diphosphate in an 

Nucleoproteide 
RNA + Histone, 

aqueous medium in the 

In all these cases, the substances 
used were of biogenic origin and were 
isolated from living organisms. This, 
of course, was done because that is the 
simplest way to produce the necessary 
polymers under laboratory conditions, 
but for this reason the opinion has even 
been expressed in the literature that 
only substances of biological origin, 
with their regularly constructed secondary 
and tertiary structure, can form coacer- 
vate droplets (Ref. 15). We were able to 
refute this opinion by experiment, and / l o g  
to demonstrate that the decisive role 
in the coacervation process is played 
only by the degree of polymerization of 
the substances combined in the droplet, 
and not any particular regular order of 
the monomers in their polymer chain 
(Ref. 16). To do this, we synthesized 
polyadenine in v i t r o  from adenosine 
Dresence of or with the parallel forma- 

tibn 02 another polqwer (e.g. , polysine)' (Figure 15). 
degree of polymerization of the substance to be synthesized achieved, but coacer- 
vate droplets containing these polymers were separated from solution. 

82 

Not only was a definite 

The 



Figure 15. 
Synthesis of Polyadenine in the Presence of Histone 

Coacervate Droplets Which Appeared During 

coacervate droplets, therefore, are formed not merely when solutions of natural 
proteins, nucleic acids, and other biogenic substances are mixed, but also when 
solutions of artificial polymers with monotonous chain structure or with no 
complex regular secondary structure are mixed. A similar precipitation of 
coacervate droplets must also have occurred under the conditions of the "primary 
broth," where non-specific polymerization of different organic substances, 
particularly amino acids and mononucleotides, occurred. At the same time, the 
coacervate droplets are the sort of individual multimolecular systems whose 
stability is dynamic, based on the continuous interaction of these formations 
with their environment like open systems. Therefore, coacervate droplets are 
very convenient models for reproducing under laboratory conditions the possible 
paths traveled by the formation both of the structure and the metabolism in the 
original systems during the development of life (Ref. 17). 

Coacervate droplets may be obtained from two or more components. Droplet 
size and concentration of polymers contained in them depend chiefly on the 
character of the substances comprising them, but even droplets of the same 
composition can vary greatly in volume and weight. 
6 )  which we have borrowed from the work of T. Yevreinova (Ref. 18) and which 
describes the volume and weight of the droplets, the polymer concentration in 
individual droplets (C), and the relationship of this concentration to that of 
the same substances in the surrounding diluent. 

Below we give a table (Table 

Table 6 shows that coacervation involves polymer concentration in the drop- 
lets which is many tens of times, sometimes even hundreds of times, greater than 
their concentration in the solution. Droplets of the very same composition may 
differ greatly in degree of polymer concentration in them, but the smaller a 
given individual droplet is in volume, the higher the concentration generally of 
the substances it contains and the lower the hydration of these substances in 
the droplet. 

Employing interference microscopy, Yevreinova found a considerable fluctua- 
tion in concentration of the substances not merely in individual droplets of the 
very same composition, but even within the confines of the very same droplet 
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TABLE 6 .  DRY MATTER CONTENT OF COACERVATE DROPLETS /111 

C o n c e n t r a t i o n  
( C I S  % 

1 
2 
3 

4 
5 
6 

7 
8 
9 

1 0  
11 
12  

1 3  
1 4  
15  

16  
17 
1 8  

19  
20 
2 1  

22 
23 
24 

84  

. .  

(C) D r o p l e t  

(C) Solutions 
_ _  - _  

3.08 
3.30 
6.16 

3.30 
6.16 
8.36 

4.40 
4.62 
8.69 

3.52 
6.27 
7.48 

1 .98  
3.19 
6.27 

2.20 
3.96 
5.50 

4.18 
5.50 

11.66 

3.30 
5 .61  
7.92 

V o l u m e  
10-12 cc 

Weight 
10-12 g r a m  

PROTEIN + CARBOHYDRATE 

S e r u m  A l b u m i n  + Gum (pH 4 .40 )  

15 .3  5.2 34 

H i s t o n e  + Gum ( p H  5.5-6) 

18 .8  9.7 52 1 ii::: I 1223.3 

P i n k - S a l m o n  P r o t a m i n e  + Gum (pH 6 . 0 )  

44.6 3 1  :;:: I 30 I 32:" 1 82 24 

Sturgeon P r o t a m i n e  + Gum ( p H  5.8-6.0) 

22.8 11 .3  50 1 127.9 I 44 .1  1 34 218.6 63 .4  29 

C l u p e i n e  + Gum ( p H  6.0-6.5) 

1 . 5  36 

128.2 35.9 

PROTEIN + PROTEIN 

H i s t o n e  + S e r u m  A l b u m i n  ( p H  5.5-6.0) 

5.6 2.4 44  
32.4 1 11.3 1 35 86.9 15.6 1 8  

H i s t o n e  + G e l a t i n  ( p H  6.2-7.3) 

13 .5  iz:: 1 25.7 
762.2 107.2 

35 
30 
1 5  

C l u p e i n e  + G e l a t i n  (pH 8.6-8.8) 

2.6 

259.6 20.8 

1 4  
11 

8 

50 
47 
3 1  

94 
79  
6 1  

30 
37 
30 

33 I :; 
37 
33 
29 

44 
35 
1 8  

60 
50 
25 

1 3  
1 0  
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Number 
in 

Order 

I 
- 

~ _ _  

Diameter, 
10-4 

Volume 
10-12 cc 

2 
.. . 

1.98 iz I 4.84 
27 7.15 

1.76 ;; 1 4.04 
30 9.24 

1.76 3’: I 4.18 
33 15.84 

34 2.2 

36 

2.32 

39 6.43 

40 34.5 

42 

34.5 12 1 53.8 
45 179.4 

46 29.9 
47 1 85.1 
48 163.3 

Weight 
10-12 gram 

i 3  

Concentration 
( 0 ,  % 

.- 

PROTEIN + NUCLEIC ACIDS 
Clupeine + RNA (pH 8.0-8.6) 

2.4 59 1 5;:; 1 26.0 
191.3 58.4 

Clupeine + DNA (pH 7.6-8.2) 
2.8 2.3 56 

412.9 56.2 
Histone + RNA (pH 7.0-7.6) 

2.8 1.5 58 1 38.3 1 5.6 

Histone + DNA (pH 6 >8-7.6) 
2080.1 100 

5.6 2.3 42 I 44.6 1 11.4 1 25 2446.5 169 7 

Protein + Carbohydrate + Nucleic Acid 
Gelatin + Gum + DNA (pH 3.8-4.0) 
6.5 

137.90 
1 79.4 

Gelatin 
21 , 400 
37 , 100 
125 , 100 

2.4 37 
19.8 I 25 31.6 23 

4,800 22 
Gum + DNA (pH 3.8-4.0) 

5 , 800 
12 , 800 

Gelatin + Gum + RNA (pH 3.8-4) 
21 , 400 42 , 800 20 1 81,300 1 11,200 

3016,800 235,010 

Protein + Carbohydrate + RNA 
14 , 000 1 , 200 8 1 322,000 I 19,900 

2275,300 23,200 

- I112 
CC) Droplet 
(C) Solutions 

6 

348 
258 
179 

431 
185 
85 

116 
29 
8 

84 
51 
14 

55 
37 
34 

33 
23 
15 

30 
21 
11 

12 
9 
1 
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Number 
i n  

Order 

1 

Weight 
10-12 gram 

Diameter , Volume 
10-4 m 10-12 cc 

~ 

3 
I 

2 4 

Concentration I (C) Droplet  
( 0 ,  % 

! c ~ -  

5 

PROTEIN + LIPID 

Gela t ine  + Oleate  (pH 8.4-8.6) 

49 7 .7  238.9 
2941.8 
7567.9 

50 
5 1  

55 
505.4 

1190.2 

28 
1 7  
16  

I 3.6 
2.7 
2.4 

MULTICOMPONENT COACERVATE 

Phosphorylase + Histone + Starch + Gum,  E t c .  (pH 6.0-6.2) 

52  2.41 7.4 
38.2 1 z:::  1 86.9 

53 
54 

3.7 
14 .2  
24 .1  

50 
37 
28 

6 

75 
55 
41 

(Figure 1 6 ) ,  (Ref. 1 9 ) .  The drople t  may conta in  vacuoles where polymer con- 
c e n t r a t i o n  i s  very reduced. On t h e  contrary,  i n  o t h e r  ins tances  t h e r e  may be 
a c e r t a i n  s t r u c t u r e d  n a t u r e  i n  t h e  s e p a r a t e  regions of t h e  d r o p l e t .  The presence 
of such a s t r u c t u r e  i s  i n d i c a t e d  by t h e  shape of c e r t a i n  coacervate  formations,  
which i s  not  always s p h e r i c a l .  

Under t h e  ord inary  o p t i c a l  microscope, i t  is  r a t h e r  d i f f i c u l t  t o  d e t e c t  
any p a r t i c u l a r  s t r u c t u r e  i n  coacervate  d r o p l e t s ,  but  t h i s  s t r u c t u r e  becomes 
apparent t o  a c e r t a i n  degree when t h e  d r o p l e t s  (without being p r e l i m i n a r i l y  
dr ied)  are photographed under an e l e c t r o n  microscope provided with t h e  gas micro- 
chamber of I. Stoyanova (Ref. 20)  (Figure 1 7 ) .  

The l a c k  of uniformity i n  d i s t r i b u t i o n  of t h e  substances i n  t h e  drop- 
l e t s  becomes apparent with p a r t i c u l a r  c l a r i t y  when one of t h e  components i s  a 
n u c l e i c  ac id  and t h e  o t h e r  i s  h is tone .  Nucleic a c i d  concentrat ion i n  t h e  in- 
d i v i d u a l  s t r u c t u r a l  formations of t h e  coacervate  d r o p l e t s  has  been measured byT. 
Yevreinova (Ref. 21)  using an MUF-4 u l t r a v i o l e t  microscope (Figure 18).  H e r e  
it w a s  demonstrated t h a t  t h i s  concentrat ion may f l u c t u a t e  w i t h i n  very wide 
limits, revea l ing  i n d i v i d u a l  f e a t u r e s  of s e p a r a t e  d r o p l e t s  even when t h e  l a t te r  
have been produced i n  t h e  same s o l u t i o n .  According t o  f ind ings  of Bungenberg 
de Yong (Ref. 22)  and s e v e r a l  o t h e r  authors  (Ref. 2 3 ) ,  a f i lm- l ike  s t r u c t u r e  may 
appear on t h e  coacervate  d r o p l e t  s u r f a c e  i n  t h e  presence of l i p o i d s ,  bu t  even 
when t h i s  f i l m  is  absent  t h e r e  i s  always a d i s t i n c t  boundary between t h e  drople t  
and t h e  medium surrounding i t .  The d r o p l e t s  a r e  nonetheless  not  i s o l a t e d  from 
t h i s  medium, b u t  possess  t h e  capac i ty  of i n t e r a c t i n g  with i t ,  which i s  very 
important f o r  t h e i r  f u r t h e r  evolut ion.  

This i n t e r a c t i o n  is expressed c h i e f l y  i n  t h e  capac i ty  of t h e  d r o p l e t s  t o  
s e l e c t i v e l y  absorb materials from t h e  e x t e r n a l  medium ( t h e  equi l ibr ium l i q u i d ) .  
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It is particularly easy to demonstrate this capacity by adding various dyes to 
the equilibrium liquid. 
in which the stain is gradually concentrated in the droplets, while the surround- 
ing solution correspondingly loses color. T. Yevreinova's measurements showed /114 
that such dyes as neutral red, methylene blue, etc. collect in the droplets 
(e.g., those of gelatin and gum arabic) in quantities exceeding many tens of 
times their initial concentration in the original solution. T. Yevreinova et 
al. (Ref. 2 4 )  have also established the selective concentration of amino acids 
in the coacervate droplets, but for some of them (e.g., tyrosine) it is hundreds 
of times greater than in the surrounding solution, while for others (e.g., try- 
ptophan) it is only twice as great. In contrast to this, sugars and mononucleo- 
tides distribute themselves uniformly between the droplets and the surrounding 
solution, so that equal volumes of droplets and solution contain the same amount 
of these substances. Of course, the capacity to concentrate the various com- 
pounds and the degree of this concentration change very greatly as droplet com- 
position and structure vary. 

We can observe directly under the microscope the manner 

Figure 16. (A) - Coacervate Droplets with Vacuole, 
(B) - the Same Droplet Under the Interference Micro- 
scope. 

The ability to concentrate substances from the surrounding solution still /115 
does not, however, make the coacervate droplet the model of a living system. 
Equilibrium sets in very quickly between the droplet and the solution around it, 
and the droplet assumes a thermodynamically stable state -- it becomes a static 
system. In contrast to this, any cell or multicellular organism is in a state 
of continuous interaction with its external environment during its lifetime. 

87 



Figure 1 7 .  Coacervate Droplet  of Serum 
Albumin + Gum + RNA + RNAase, X 1200. 
E lec t ron  Microscope Gas Chamber. 

A l i v i n g  system e x i s t s  only while t h e  numerous biochemical processes which con- 
s t i t u t e  metabolism occur uninterruptedly i n  i t  and wi th  g r e a t  r a p i d i t y ,  A s  soon 
as t h e s e  processes s t o p  o r  r a d i c a l l y  change, t h e  protoplasmic system i t s e l f  i s  
destroyed with constant  motion, no t  with i n a l t e r a b i l i t y  o r  quiescence. Proto- 
plasm is  t h e r e f o r e  not  a s t a t i c ,  but  a continuous system ( R e f .  25) .  

That g r e a t  d i a l e c t i c i a n  of Ancient Greece, H e r a c l i t u s ,  i n  h i s  t i m e  noted 
t h i s  c h a r a c t e r i s t i c  f e a t u r e  of l i v i n g  beings when h e  taught  t h a t  our bodies flow 
l i k e  r i v e r s ,  and t h e  m a t t e r  i n  them i s  renewed l i k e  t h e  w a t e r  i n  a stream (Ref. 
26 ) .  It i s ,  indeed, a stream, o r  simply a flow of w a t e r  gushing from a f a u c e t ,  
which enables us t o  understand i n  t h e  s implest  manner a number of t h e  most 
e s s e n t i a l  f e a t u r e s  of t h e  organiza t ion  of such i r r e v e r s i b l e  o r  open systems as 
t h e  l i v i n g  protoplasm, i n  p a r t i c u l a r .  
p ressure  i n  t h e  plumbing system remains constant  a l l  t h e  t i m e ,  then t h e  stream 
of w a t e r  flowing out  keeps i t s  e x t e r n a l  appearance almost unchanged, i t s  shape 
i s  f i g u r a t i v e l y  frozen.  But w e  know t h a t  t h i s  shape i s  merely t h e  v i s ib l e  ex- 
press ion  of a continuous stream of w a t e r  p a r t i c l e s  which are gradual ly  en ter ing  
and leaving it a t  a c e r t a i n  rate.  
t h e  cont inua l  and uniform passage of cons tan t ly  new moleckles of water i n  t h i s  
stream. If w e  s t o p  t h a t  process ,  t h e  stream i t s e l f  disappears  a s  a d e f i n i t e  
system. 

I f  t h e  f a u c e t  i s  opened gent ly  and t h e  

1116 

The very ex is tence  of t h i s  system involves  

Analogously, t h e  organiza t ion  of protoplasm is a l s o  based on a c e r t a i n  
continuous s ta te  which comes i n t o  being because t h e  l i v i n g  organism i s  involved 
i n  a constant  interchange of substances and energy wi th  i t s  environment, because 
wi th in  i t  t h e r e  i s  a series of i r r e v e r s i b l e ,  conjunct processes  occuring a t  a 
constant  rate. This r e s u l t s  i n  t h e  f a c t  t h a t  t h e  substances coming i n  from t h e  
o u t s i d e  environment are subjec ted  t o  a number of t ransformations i n  t h e  organism, 
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while  t h e i r  decomposition products a r e  again excreted i n t o  t h e  e x t e r n a l  medium. 

I 

Figure 18. Quant i ta t ive  Determination of 
Nucleic Acids i n  t h e  Coacervate Droplet  
(Clupeine + DNA), MUF-4". 

The employment of tagged atoms i n  biochemical and phys io logica l  research  
(Ref. 27) has  shown beyond doubt t h a t  a l l  t h e  substances of t h e  l i v i n g  body -- 
i t s  p r o t e i n s ,  n u c l e i c  a c i d s ,  l i p o i d s ,  etc.  -- are e n t i r e l y  renewed i n  very s h o r t  
per iods  of t i m e  and t h a t  t h e  m a t e r i a l  s u b s t r a t e  of l i f e  i s  continuously being 
exchanged wi th  t h e  environment, continuously breaking down, and being b u i l t  up 
anew from t h e  materials of t h e  e x t e r n a l  world. Thus, t h e  p r i n c i p l e  of t h e  u n i t y  
of t h e  organism and t h e  environment, t h e  t h e s i s  t h a t  a l i v i n g  being cannot be 
considered a p a r t  from i t s  environment, o u t s i d e  of t h i s  u n i t y ,  has  been completely 
conf irmed . 

1117 

I. Prigogine i n  h i s  i n t e r e s t i n g  book In t roduct ion  t o  t h e  Thermodynamics of 
I r r e v e r s i b l e  Processes  (Ref. 28) d iv ides  a l l  organic  systems i n t o  t h e  following 
b a s i c  groups: open, c losed,  and i s o l a t e d .  The open group conta ins  systems i n  
which t h e r e  i s  a constant  interchange both of m a t t e r  and of energy with t h e i r  
environment. I n  c losed systems, t h i s  exchange i s  r e s t r i c t e d  t o  energy, and ex- 
change of m a t t e r  is  lacking.  The i s o l a t e d  group of systems inc ludes  those  com- 
p l e t e l y  i n s u l a t e d  from t h e i r  e x t e r n a l  environment, exchanging n e i t h e r  m a t t e r  nor  
energy with it. The las t  two groups of systems may b e  combined under t h e  genera l  

* This r e f e r s  t o  an  u l t r a v i o l e t  microscope. 
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term 'closed '  by c o n t r a s t i n g  them with open systems, t o  which, i n  p a r t i c u l a r ,  
l i v i n g  organisms belong. 

I n  c losed systems, only those substances contained i n  t h e  system can e n t e r  
i n t o  chemical reac t ion .  The constancy of t h e  system's p r o p e r t i e s  i n  t i m e  is 
charac te r ized  by an  equi l ibr ium s ta te  i n  which t h e  ra te  of t h e  r e a c t i o n  pro- 
ceeding i n  one d i r c t i o n  equals  t h e  rate of t h e  i n v e r s e  r e a c t i o n .  
dynamic c r i t e r i o n  of t h i s  equi l ibr ium is  t h e  minimum f r e e  energy of t h e  system 
and t h e  maximum value  of i t s  entropy ( i n  o t h e r  words, i t s  t r a n s f e r  i n t o  t h e  most 
probable of a l l  t h e  p o s s i b l e  s t a t e s ) .  The processes  which go on spontaneously 
i n  t h e  closed system cannot t r a n s f e r  i t  t o  a less probable s t a t e  -- i . e . ,  they 
can only keep system entropy constant  o r  i n c r e a s e  i t ,  depending on whether w e  
are deal ing with r e v e r s i b l e  o r  i r r e v e r s i b l e  processes .  When system entropy 
grows, equi l ibr ium is  absent ,  and, on t h e  cont ra ry ,  when equi l ibr ium sets i n ,  
t h e  entropy growth r a t e  is zero.  On t h e  o t h e r  hand, i n  an open system sub- 
s tances  a r e  cont inuously coming from t h e  e x t e r n a l  medium i n t o  a system which i s  
somehow separated from t h i s  medium, and t h e  chemical compounds produced i n  t h i s  
system are cont inua l ly  being returned t o  t h e  medium. 
of an open system's p r o p e r t i e s  i n  t i m e  is charac te r ized  not  by thermodynamic 
equi l ibr ium ( a s  i s  observed i n  c losed systems),  but  by t h e  onset  of a continuous 
s ta te ,  i n  which t h e  chemical changes proceeding i n  one d i r e c t i o n  and substance 
d i f f u s i o n  i n  t h e  system a r e  maintained a t  a constant  r a t e .  

The thermo- 

Therefore ,  t h e  constancy 

Thermodynamic equi l ibr ium and t h e  continuous s t a t e  resemble each o t h e r  i n  
t h a t  i n  both csses t h e  system keeps i t s  p r o p e r t i e s  constant  i n  time. The 
r a d i c a l  d i f f e r e n c e  i s  t h a t  i n  equi l ibr ium t h e r e  i s  no change i n  f r e e  energy a t  
a l l  (dP = 0 ) ,  while  i n  t h e  continuous s ta te  t h i s  change i s  continuously going 
on, but  a t  a constant  rate (dF = cons t ) .  

/118 

For c l a r i t y ,  w e  may c i t e  t h e  following elementary example. A simple bucket 
of water may serve as t h e  model of a c losed s t a t i c  system which maintains i t s  
water level constant  because of t h e  lack  of any processes  a t  a l l .  On t h e  o ther  
hand, a c i r c u l a t i n g  b a s i n  i n t o  which water i s  cont inuously flowing from one pipe 
while  i t  flows out  from another  i s  a continuous open system. The water l e v e l  
i n  such a b a s i n  may remain unchanged, but  only with a c e r t a i n  constant  r a t i o  
between i n f l u x  and e f f l u x  r a t e s .  By changing these  r a t i o s ,  w e  can produce any 
o t h e r  level,  which f o r  t h e  s a m e  reasons w i l l  preserve i t s  continuous state.  

This very simple example uses  a system i n  which no chemical r e a c t i o n s  take  
place.  

For t h e  understanding of l i f e  processes ,  however, chemically open systems 
are of f a r  g r e a t e r  i n t e r e s t .  
t h e  environment i n t o  a system somehow separated from i t ,  but  these  substances 
are here  subjected t o  chemical changes, and t h e  r e s u l t a n t  r e a c t i o n  products are 
given back t o  t h e  e x t e r n a l  medium. Therefore,  t h e  constancy of t h i s  system i n  
t i m e  i s  charac te r ized  by a continuous s t a t e  i n  which not  only a c e r t a i n  r a t i o  
between i n f l u x  and e f f l u x  r a t e s  of substances i n t o  t h e  system i s  maintained but  
a l s o  a c e r t a i n  r a t i o  between t h e  rates of t h e  chemical changes occurr ing i n  t h e  
system. 

Substances are a l s o  continuously en ter ing  from 

When t h e  d i f f u s i o n  and r e a c t i o n  r a t e s  a r e  cons tan t ,  t h e  system assumes a 
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c e r t a i n  s t a t i o n a r y  s t a t e ,  a c e r t a i n  level of components comprising t h e  system. 
With any changes i n  t h e s e  parameters,  t h e  system "equilibrium" is  impaired, .bu t  
then a new continuous s ta te , i s  es tab l i shed .  The number of t h e s e  p o s s i b l e  con- 
t inuous states is  as l a r g e  as des i red .  
c e r t a i n  r e a c t i o n  i s  introduced i n t o  such a system, a change i n  t h e  l e v e l  of t h e  
system component r a t i o s  may occur. This i s  q u i t e  impossible i n  c losed systems, 
where t h e  c a t a l y s t  can merely change t h e  rate a t  which e q u i l i b r i a  is  achieved, 
bu t  no t  i t s  p o s i t i o n  (Ref. 29). 

When a c a t a l y s t  which accelerates a 

The s i t u a t i o n  i n  t h e  l i v i n g  ce l l  i s  incomparably more complex than  i n  t h e  
s implest  chemical system which w e  have c i t e d .  
r e a c t i o n  is of p r i n c i p a l  s i g n i f i c a n c e ,  but  a whole chain of r igorous ly  i n t e r -  
r e l a t e d  chemical t ransformations.  
o r  i t  may branch o r  even b e  closed i n  cycles .  
chemical processes  i s  crea ted  i n  t h e s e  cycles .  However, i n  t h e i r  i n d i v i d u a l  
l i n k s  t h e r e  i s  always irreversible branching of t h e  processes ,  and f o r  t h i s  
reason b i o l o g i c a l  exchange on t h e  whole always proceeds i n  one d i r e c t i o n .  

H e r e  no t  one i n d i v i d u a l  chemical /119 

This cha in  may b e  l inear,  with no branching, 
A c e r t a i n  r e p e t i t i o n  i n  t h e  

I n  protoplasm, t h e  numerous chains  and r e a c t i o n  cyc les  a r e  intercombined 
i n t o  a u n i f i e d ,  very ramif ied,  r e g u l a r l y  constructed network of metabolism, 
which C. Hinshelwood compares with a well-developed r a i l r o a d  network i n  which 
many t r a i n s  are simultaneously moving a t  d i f f e r e n t  speeds (Ref. 30). 

Viewed f r o m , t h i s  a s p e c t ,  a simple s o l u t i o n  o r  uniform mixture  of organic  
substances r e p r e s e n t s  a wide, bu t  completely s t r a n g e ,  f i e l d  of chemical possi-  
b i l i t i e s .  W e  can move over  t h i s  f i e l d  i n  any d i r e c t i o n  under equal ly  g r e a t  
d i f f i c u l t i e s ,  and t h e r e f o r e  a t  an equal ly  slow rate of speed. I n  c o n t r a s t  t o  
t h i s ,  t h e r e  a r e  c e r t a i n  pa ths  followed by b i o l o g i c a l  processes l a i d  down i n  t h e  
protoplasm, a whole network of " r a t i o n a l l y  constructed t racks" ,  over  which are 
cont inua l ly  taking p l a c e  chemical t ransformations of substances and t h e  con- 
vers ion  of energy assoc ia ted  with i t  a t  tremendous speed on a "rigorously" 
maintained t ime-table.  Underlying a l l  t h i s  organiza t ion  of protoplasm i n  t i m e ,  
t h e r e  is a r e l a t i o n s h i p  between t h e  rates of t h e  interconnected metabol ic  
r e a c t i o n s .  

I n  order  t h a t  t h e  organiza t ion  of coacervate  dropletsmay approach t h a t  of 
l i v i n g  bodies ,  i n  order  t h a t  i t  may t o  some degree s e r v e  even as t h e  s imples t  
model of t h e s e  bodies ,  it must pass from t h e  s t a t i c  t o  t h e  continuous s t a t e ,  
and i t s  i n t e r a c t i o n  with i t s  environment must become continuous i n  charac te r .  
But t h i s  demands t h a t  t h e  substances i n  t h e  s o l u t i o n  surrounding t h e  d r o p l e t  b e  
not  only s e l e c t i v e l y  absorbed by i t ,  but  t h a t  they a l s o  undergo c e r t a i n  chemical 
changes i n  t h e  d r o p l e t .  

The r e l a t i o n s h i p s  hereby crea ted  may b e  shown i n  t h e  following elementary 
diagram: 

S 

where t h e  r e c t a n g l e  r e p r e s e n t s  a system, (e.g., a coacervate  drople t )  S and.Z 
are t h e  e x t e r n a l  medium, A i s  t h e  substance e n t e r i n g  t h e  d r o p l e t  from t h e  ex- 
ternalmedium, and B is t h e  r e a c t i o n  product capable of d i f f u s i n g  i n t o  t h e  
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e x t e r n a l  medium. 

S + A B F-* c 
J 

I f  r eac t ion  A -+ B proceeds f a s t e r  than t h e  inve r se  t ransformation,  i f  it 
takes  p lace  i n  t h e  system a t  a g r e a t e r  v e l o c i t y  than  i n  t h e  environment, t h e  
concent ra t ion  of substance A i n  t he  system is con t inua l ly  dropping, and t h i s  
impairs  t h e  equi l ibr ium between t h e  system and t h e  medium, thus  making it 
poss ib l e  f o r  more and more new amounts of substance A t o  e n t e r  t he  system. I n  
c o n t r a s t ,  t h e  concent ra t ion  of B i nc reases  i n  the  r e a c t i o n  process ,  and t h i s  
causes substance B t o  e n t e r  t h e  e x t e r n a l  medium. The r e s u l t  of thTs i s  t h a t  a 
constant  and u n i d i r e c t i o n a l  stream of the  substance through t h e  system i s  
generated,  while  i t s  dF is  always kept  constant  by being replenished with energy 
flowing i n  with substance A from t h e  environment and being l i b e r a t e d  i n  the  
system i n  the  A + B r e a c t i o n  process ( i f ,  of course,  t h i s  r e a c t i o n  i s  exoergic) .  

-- - z  

The most e f f e c t i v e  method o f . i n c r e a s i n g  t h e  rate of a r eac t ion  of t h i s  s o r t  
i n  the  system is  t o  inc lude  the  proper c a t a l y s t  i n  it, which may be e i t h e r  an 
organic  compound, o r  an organic  s a l t ,  o r  a combination of t h e  two. Moreover, 
i t  i s  q u i t e  unnecessary t h a t  t h i s  c a t a l y s t  be o r i g i n a l l y  formed i n  t h e  system 
i t s e l f  -- it may e n t e r  t h e  system i n  whole o r  i n  p a r t  from t h e  environment, but  
it must be gathered t h e r e  i n  the  same way t h a t  dye i s  s t o r e d  i n  t h e  coacervate  
d rop le t  which absorbs it. 

I n  order  t o  reproduce these  e f f e c t s  i n  s imula t ion  experiments,  w e  used 
coacervate  d rop le t s  as t h e  systems i n t e r a c t i n g  with the  e x t e r n a l  medium (Ref. 31). 
I n  most cases ,  w e  formed these  d rop le t s  by mixing s o l u t i o n s  of n a t u r a l  polymers 
(polysaccharides ,  p ro t e ins ,  nuc le ic  ac ids ,  e t c . )  i s o l a t e d  from var ious  organisms. 
H e r e ,  of course,  w e  took t h e  f a c t  i n t o  cons idera t ion  t h a t  t h e s e  materials, which 
are marked by a s t r i c t l y  determinate  in t ramolecular  ' s t r u c t u r e ,  could not  have 
been i n  the  "primary broth" of t he  Ea r th ' s  atmosphere, bu t  i t  w a s  s i m p l e r  t o  
u t i l i z e  these  ob jec t s  t o  e s t a b l i s h  the  phenomena which are inherent  i n  polymers 
of random s t r u c t u r e  ( t h i s  w a s  subsequently corroborated by t h e  above c i t e d  
s p e c i a l  experiments).  

/ 1 2 1  

S imi l a r ly ,  w e  used enzyme prepara t ions  as c a t a l y s t s ,  and not  t h e  s impler  
(but l e s s  e f f i c i e n t )  a c c e l e r a t o r s ,  s i n c e  t h i s  enabled us t o  conduct our experi-  
ments quickly i n  per iods  s u i t a b l e  t o  labora tory  condi t ions  (Ref. 32).  La ter  on 
we propose t o  rep lace  the  enzymes by l e s s  advanced organic  o r  inorganic  c a t a l y s t s ,  
bu t  f o r  t h i s  i n i t i a l  s t a g e  of t h e  i n v e s t i g a t i o n  t h e  use of n a t u r a l  polymers and 
enzymes afforded i n c a l c u l a b l e  advantages. 
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I f  a prepara t ion  of phosphorylase (g lucosyl t ransferase)  from pota to  i s  
added t o  t h e  coacervate  which forms when s o l u t i o n s  of gum a r a b i c  and h i s t o n e  
are mixed a t  pH 6-6.2,  th i s  enzyme i s  almost e n t i r e l y  concentrated i n  d r o p l e t s .  
When glucoso-I-phosphate is  dissolved i n  t h e  equi l ibr ium l i q u i d ,  t h e  d r o p l e t s  
begin t o  s t o r e  s t a r c h ;  t h i s  may b e  very e a s i l y  de tec ted  by an i o d i n e  test. The 
s t a r c h  increment i n a  s i n g l e  coacervate  drople t  can be d i r e c t l y  measured by i n t e r -  
fe rence  microscopy. Af te r  only 30 minutes,  its weight goes up 50%, while  i t s  
volume increases  by a f a c t o r  of more than 1.5 (Ref. 33) .  

Since glucoso-I-phosphate s u f f e r s  no appreciable  adsorp t ion  by t h e  above- 
mentioned coacervate  d r o p l e t s ,  i ts concentrat ion i n  t h e  d r o p l e t s  and i n  t h e  
surrounding s o l u t i o n  always remains approximately t h e  same. Hence, f o r  such a 
l a r g e  q u a n t i t y  of s t a r c h  t o  form i n  t h e  d r o p l e t ,  cons tan t ly  new amounts of 
glucoso-I-phosphate must f low i n t o  the drople t  from the external medium as they 
are consumed i n  synthes iz ing  t h e  polymer. When B-amilase i s  incorporated along 
with phophorylase i n  t h e  d r o p l e t ,  t h e  s t a r c h  forming t h e r e i n  decomposes i n t o  
maltose which i s  given o f f  i n t o  t h e  e x t e r n a l  medium where i t  may e a s i l y  b e  
de tec ted  and measured. 

Therefore,  t h e  whole process of synthes is  and breakdown which w e  have 
descr ibed may be represented by the  following flow-diagram of substances through 
t h e  coacervate d r o p l e t  (depicted here  a s  a rec tangle) .  

Glucose 
phate  

I-Phos- 
Glucose 

I-Phosphate 

Inorganic  
Phosphorus 

Depending on t h e  r a t i o  of r e a c t i o n  r a t e s  2 and b, t h e  q u a n t i t y  of polymer 1 1 2 2  

This s y s t e m  may t o  a c e r t a i n  
( s t a r c h )  forming i n  t h e  d r o p l e t  from a substance from t h e  e x t e r n a l  medium may 
rise o r  f a l l ,  and t h e  d r o p l e t  may grow o r  decay. 
degree s e r v e  a s  t h e  s imples t  model of t h e  flow of substances through a l i v i n g  
ce l l .  

I n  s i m i l a r  f ash ion ,  w e  produced both enzymatic decomposition (Ref. 34) and 
enzymatic s y n t h e s i s  of polynucleot ides  (Ref. 3 5 ) ,  which w e r e  one of t h e  com- 
ponents of our coacervate  d r o p l e t s .  The decomposition process  w a s  e f f e c t u a t e d  
by r ibonuclease incorpora ted  i n t o  d r o p l e t s  c o n s i s t i n g  of RNA, serum albumin, 
and gum a r a b i c .  
(mononucleotides) w e r e  given of f  i n t o  t h e  environment. This can be e s t a b l i s h e d  
by chemical a n a l y s i s ,  and l ikewise  may b e  d i r e c t l y  seen i n  photographs made i n  
t h e  gas  chamber of t h e  e l e c t r o n  microscope a t  t h e  beginning and end of t h e  
enzyme's a c t i o n  (Figure 19) .  

Here t h e  RNA broke down i n  t h e  d r o p l e t s ,  and i t s  products 

The i n v e r s e  process  -- enzymatic s y n t h e s i s  of polynucleot ides  i n  coacervate  
d r o p l e t s  due t o  monomucleotides being dissolved i n  t h e  surrounding medium -- 
w a s  produced i n  our experiments by means of t h e  b a c t e r i a l  polynucleotidephos- 
phorylase incorporated i n t o  t h e  h i s t o n e  + RNA d r o p l e t s .  
(ADP) served as t h e  s u b s t r a t e .  The d r o p l e t s  s t o r e d  polyadenine,  which i n  t h e  
absence of RNA coacervates  with h i s t o n e  t o  form d r o p l e t s  i n  which t h e  polymer 

Adenosine diphosphate 1123 

93 



is synthesized incomparably more r a p i d l y  and i n t e n s i v e l y  than i n  a homogeneous 
s o l u t i o n  of s u b s t r a t e  and enzyme (Ref. 3 6 ) .  

Figure 19. Coacervate Droplet  of Serum Albumin + Gum 
-t RNA and t h e  Enzyme Ribonuclease Under t h e  Elec t ron  
Microscope. (A) - Before beginning of decomposition; 
(B) A f t e r  15 min. of decomposition. 

We t h e r e f o r e  now have a t  our d i s p o s a l  dynamically s t a b l e  coacervate  d r o p l e t s  
i n t e r a c t i n g  with t h e  e x t e r n a l  medium l i k e  open systems -- d r o p l e t s  which are 
capable not  only of maintaining themselves i n  t h e  s teady  s ta te ,  but  a l s o  of 
increas ing  i n  volume, growing by t h e  acce lera ted  polymerization wi th in  them of 
t h e  substances of t h e  external medium. 
t h e  complex multimolecular systems which must have separated out  of t h e  aqueous 
s o l u t i o n  of t h e  "primary broth" and been formed from t h e  polypept ides ,  poly- 
nuc leo t ides ,  and o t h e r  polymers t h a t  came i n t o  being i n  t h a t  b r o t h ,  which w e r e  
marked by no d e f i n i t e  sequence of monomer r a d i c a l s  i n  t h e i r  chain.  

Droplets  of t h i s  s o r t  may a c t  as models of 

Such models may, t o  be su re ,  grow only when t h e  e x t e r n a l  medium contains  
phosphorus compounds r i c h  i n  energy, b u t ,  as i n d i c a t e d  above (experiments of 
Ponnamperuma e t  a l . )  these  compounds must have been ab iogenica l ly  synthesized 
i n  t h e  "primary broth" , p a r t i c u l a r l y  by t h e  energy of short-wave u l t r a v i o l e t  
l i g h t .  Consequently, t h e i r  presence i n  t h e  p r e a c t u a l i s t i c  reducing hydrosphere 
of t h e  Earth w a s  by no means precluded, bu t  t h e r e  w a s  s c a r c e l y  enough of them 
t o  s t i p u l a t e  t h e  continuous ex is tence  of coacera te  d r o p l e t s  f o r  a p r o t r a c t e d  
per iod.  
t o  maintain themselves as continuous systems which had t h e  inherent  capac i ty  of 
forming macroergic compounds by processes leading t o  t h e  l i b e r a t i o n  of f r e e  
energy. 

A f t e r  t h e  l a p s e  of some i n i t i a l  per iod ,  only those  d r o p l e t s  w e r e  a b l e  

Under t h e  reducing condi t ions  of t h e  "primary broth",  t h e  most probable of 
t h e s e  processes w e r e  t h e  oxidizing-reducing r e a c t i o n s  assoc ia ted  with hydrogen 
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or electron transfer. 

It is apparently precisely reactions of this sort which were the earliest 
elements in the metabolism being formed. This is indicated by their striking 
universality and their obligatory participation in all life processes known to 
us, in all living beings without exception. It is not,without reason that 
A. Klyuver, on the basis of very extensive comparative biochemical material, 
(Ref. 37) rightly considered the continuous and directed motion of electrons as 
the most essential sign of the living state. 

Just like polymerization processes, oxidizing-reducing reactions may /124 
easily be reproduced in coacervate droplets in simulation experiments. In 
particular, we produced a system which may be represented by the following dia- 
gram (Ref. 38): 
7 --I 

The reduced nicotine-amide-adenine-dinucleotide* (NAD-N2) entered the 

droplet from the external medium and gave up its hydrogen to the dye (MR) ad- 
sorbed by the droplet. 
medium. 

This MR was reduced and was given off into the external 

The process goes on with the liberation of free energy. We accelerated it 
by including in the droplet oxidoreductase (NAD-N2-dehydrogenase) isolated by 
N. Gel'man from the surface membrane of bacteria (Ref. 39) .  This process may, 
however, also be realized spontaneously. In the droplets, it occurs consider- 
ably faster than in the surrounding medium because of the spatial convergence 
of the reacting substances (shortening of the electron mean free path). 

The energy liberated in electron (hydrogen) transfer is dispersed chiefly 
It may be directly used to synthesize macroergic compounds or to form as heat. 

polymers. 
phorylation (which here can also proceed under anaerobic conditions), the energy 
of the pyrophosphate and other macroergic bonds is stored. 
easily used for polymer synthesis (Ref. 40). Our preliminary experiments in 
simulating combined anaerobic phosphorylation in coacervate droplets gave 
positive results. 

However, when oxidizing-reducing reactions are combined with phos- 

This energy I s  

The flow of substances through the droplet is accomplished in the simple 
oxidizing-reducing model entirely due to the energy of the reacting substances 
themselves, which is liberated in the process of electron (hydrogen) transfer. 
Exogenous energy, e.g., the energy of light entering the droplet, may, however, 
also be used for this. The source of this energy in the initial periods of the 
development of life could have been the shortwave ultraviolet light which pene- 
trated deeply into the preactualistic atmosphere. After that, the longwave 
* In the oldterminiiGgy DPN or C~I. 
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l i g h t  (with less quantum energy) a l s o  began t o  p lay  a r o l e  i f  i t  w a s  absorbed 
by s p e c i f i c  substances (pigments) of t h e  d r o p l e t .  K. Serebrovskaya and V. 
Yevstigneyev (Ref. 41) reproduced t h i s  phenomenon i n  a s imulat ion experiment by 
incorporat ing ch lorophyl l  i n t o  t h e  coacervate d r o p l e t s  (Figure 20).  

Figure 20. Coacervate Droplets  Containing Chlorophyll. 

I f  such d r o p l e t s  are put  i n t o  a s o l u t i o n  of a s c o r b i c  a c i d  and methylene 
red and are i l lumina ted  with v i s i b l e  l i g h t ,  an oxidizing-reducing photoprocess 
occurs i n  them, which may b e  represented by t h e  following diagram: 

hv 

On enter ing  t h e  d r o p l e t s ,  t h e  ascorb ic  a c i d  g i v e s  up i t s  hydrogen t o  t h e  
chlorophyl l ,  a process  which occurs only with t h e  p a r t i c i p a t i o n  of a l i g h t  
quantum. 
t h e  e x t e r n a l  s o l u t i o n ,  and is i t s e l f  regenerated t o  i t s  o r i g i n a l  state.  The 1126 
r e a c t i o n  products ,  A c  and MRH2, e n t e r  t h e  e x t e r n a l  medium. 

Then t h e  ch lorophyl l  t r a n s f e r s  t h e  hydrogen t o  t h e  dye coming from 

I n  t h i s  experiment, t h e  oxidizing-reducing r e a c t i o n  takes  p lace  i n  t h e  
d r o p l e t s  t e n s  of t i m e s  f a s t e r  than i n  t h e  o u t e r  s o l u t i o n  surrounding them. 

Photochemical r e a c t i o n s  of a s i m i l a r  type could a l s o  have taken p lace  i n  
t h e  coacervate  d r o p l e t s  of t h e  "primary broth",  b u t  i n  t h e  p r e a c t u a l i s t i c  era 
they w e r e  produced by m e a n s  of t h e  energy of u l t r a v i o l e t  l i g h t  and d id  not  
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r e q u i r e  chlorophyl l  (or  porphyrine d e r i v a t i v e s ,  i n  genera l ) .  I n  p a r t i c u l a r ,  
ATP could a l s o  have been formed d i r e c t l y  i n  t h e  coacervate  d r o p l e t s  by t h e  s o r t  
of r e a c t i o n s  c a r r i e d  out by Ponnamperuma. The above-mentioned chlorophyll-con- 
t a i n i n g  model, however, i n d i c a t e s  t h a t  a t  t h e  very beginning of t h e  a c t u a l i s t i c  
era longer  wave r a d i a t i o n  could be converted t o  use i n  photochemical r e a c t i o n s .  
W e  are now faced wi th  t h e  problem of combining under labora tory  condi t ions  t h r e e  
types of p r i m i t i v e  metabol ic  r e a c t i o n s  (oxidoreduction, combined phosphorylation, 
and polymerization) i n  a u n i f i e d  coacervate  model. 
t i m e  u n t i l  t h i s  model i s  constructed.  It i s  c l e a r  even now t h a t  complex systems 
l i k e  i t  could not  only have had a p r o t r a c t e d  ex is tence ,  bu t  a l s o  could have 
grown i n  a s o l u t i o n  of t h e  substances whose presence,  o r  even abundance, w e  have 
a r i g h t  t o  expect i n  t h e  Ear th ' s  "primary broth". 

It is  only a quest ion of 

A t  t h e  same t i m e ,  t h e  modeling which w e  have done demonstrates t h a t  t h e  
r e g u l a r  formation of systems of t h i s  s o r t  i n  t h e  "primary broth" could have 
occurred n a t u r a l l y .  
produced s t a t i c  coacervate  d r o p l e t s  f o r  development of r e a c t i o n s  which w e r e  con- 
s t a n t l y  f a s t e r  than i n  t h e  e x t e r n a l  medium -- f i r s t  polymerization r e a c t i o n s ,  
and then oxidoreduction and t h e  phosphorylation r e a c t i o n  combined with i t .  But 
such condi t ions  could e a s i l y  have a r i s e n ,  a t  l e a s t  i n  those  d r o p l e t s  whose com- 
p o s i t i o n  enabled them t o  absorb from t h e  e x t e r n a l  medium t h e  s implest  organic  
o r  inorganic  c a t a l y s t s  ( i n  t h e  same way a s  i n  t h e  s imula t ion  experiments with 
dyes).  I n  t h i s  way, t h e  d r o p l e t s  cont inua l ly  maintained i n  themselves a con- 
c e n t r a t i o n  of t h e  appropr ia te  c a t a l y s t s  which w a s  h igher  than i n  t h e  surrounding 
medium even when t h e  d r o p l e t s '  m a s s  increased with t h e i r  growth due t o  polymeri- 
z a t i o n  of t h e  monomers of t h e  surrounding s o l u t i o n .  

This only required t h a t  condi t ions b e  c rea ted  i n  previously- 

For purposes of convenience, i n  t h e  following w e  w i l l  g i v e  t h e  name of 
"protobion" t o  systems of t h i s  s o r t  which a c t i v e l y  i n t e r a c t  with t h e  e x t e r n a l  
medium, possess  dynamic s t a b i l i t y ,  and a r e  capable of maintaining themselves and 
growing under t h e  condi t ions  of t h e  "primary broth". 1127 

Protobions a l ready  possessed a s i g n i f i c a n t l y  more complex and advanced 
organiza t ion  than d id  s t a t i c  coacervate  d r o p l e t s ,  bu t  they w e r e  nonetheless  many 
o r d e r s  s impler  than t h e  most p r i m i t i v e  l i v i n g  beings.  

Only i n  t h e  course of f u r t h e r  evolut ion w e r e  t h e s e  protobions,  which w e r e  
produced n a t u r a l l y ,  a b l e  t o  transform themselves i n t o  p r i m i t i v e  organisms, thus  
o r i g i n a t i n g  l i f e  on t h e  Earth.  W e  now s t i l l  do n o t  know how t o  reproduce t h i s  
evolu t ion  a r t i f i c i a l l y  i n  s imula t ion  experiments, bu t  w e  can never the less  with 
a g r e a t  degree of p r o b a b i l i t y  imagine i t s  subsequent course of development from 
t h e  ex tens ive  d a t a  which w e  d e r i v e  i n  a comparative s tudy of d i f f e r e n t  forms of 
metabolism organiza t ion  i n  t h e  most p r i m i t i v e  modern organisms (Ref. 4 2 ) .  
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V. "PROTOBION" EVOLUTION AND THE RISE OF PRIMITIVE ORGANISMS /12,9. 

In our step-by-step study of the evolution of carbon compounds, we have 
already considered great heights of organization and ascended a nqber of steps 
in this organization. 
the development served as the basis for the formation of the next. 
appearance of hydrocarbons on the terrestrial surface determined the formation 
of the "primary broth", in which, along with relatively simple organic sub- 
stances, there were also polymers similar in type to protein-like and nuclein- 
like compounds. 
still not possessing the patterned chain-arrangement of monomers, led to the 
isolation of individual complex formations like coacervate droplets from the 
common solution of the "primary broth". Even while these formations were orig- 
inally static in nature, they must subsequently have assumed a dynamic nature. 
The coacervate droplet or other similar individual system, which had originated 
in one way or another in the hydrosphere of the Earth and was separated from the 
external medium, was immersed not simply in water, but in a solution of various 
salts and organic compounds. 
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In so doing, we have seen that every preceding step in 
Thus, the 

The formation of this type of high-molecular polymers, although 

These substances penetrated into the droplet, 



i n t e r a c t i n g  chemically with each o t h e r  and with t h e  substance of t h e  d r o p l e t  
i t s e l f ,  thus  transforming it  i n t o  an  open system whose very ex is tence  depended 
on t h e  compat ib i l i ty  of t h e  r e a c t i o n s  occurr ing i n  i t .  I n  t h e  absence of such 
compat ib i l i ty ,  but  with cons tan t  i n t e r a c t i o n  with t h e  e x t e r n a l  medium, t h e  
system would very  quickly have had t o  break down and disappear  as an  i n d i v i d u a l  
formation. I f ,  however, t h e  i n t e r a c t i o n  between medium and system somehow ceased, 
then such a s t a t i c  system was f o r  t h i s  very reason excluded from t h e  genera l  
process  of evolut ion.  

/130 

While thus  always s tay ing  on the  ground of phys ica l  and chemical l a w s ,  w e  
have a r r i v e d  a t  t h e  genes is  of "protobions", about whose organiza t ion  w e  can t o  
a c e r t a i n  degree form an i d e a  from t h e  models which w e  have produced. 

Even t h e  most p r i m i t i v e  organisms, however, profoundly d i f f e r  from a l l  t h e  
above-mentioned systems, including t h e  protobions having except iona l ly  high 
"appropriateness" of i n t e r n a l  organizat ion determined by t h e  d i r e c t e d  n a t u r e  of 
t h e i r  metabolism. The innumerable chemical r e a c t i o n s  occurr ing i n  l i v i n g  beings 
are n o t  only s t r i c t l y  c o r r e l a t e d  i n t o  a u n i f i e d  metabol ic  network, no t  only har- 
monically combined i n t o  a s i n g l e  order  of cont inua l  self-renewal ,  bu t  t h i s  whole 
order  i s  i n a l t e r a b l y  d i r e c t e d  toward a u n i f i e d  goa l  -- t h e  unin te r rupted  s e l f -  
p reserva t ion  and se l f - reproduct ion  of t h e  whole l i v i n g  system i n  i t s  e n t i r e t y ,  
i n  r e g u l a r  agreement with t h e  condi t ions of t h e  surrounding e x t e r n a l  medium 
(Ref. 1). 

W e  h e r e  use t h e  term ' 'appropriateness' '  ( f o r  l a c k  of a b e t t e r  word), t o  desig- 
n a t e  t h e  c o r r e l a t i o n  between t h e  organiza t ion  of t h e  whole system and i t s  s e l f -  
p reserva t ion  and self-reproduct ion.  A t  t h e  same t i m e ,  t h i s  also des igna tes  t h e  
s t r u c t u r a l  adapta t ion  of i t s  s e p a r a t e  p a r t s  f o r  the most p e r f e c t  and c o r r e l a t e d  
f u l f i l l m e n t  of those v i t a l  func t ions  which t h e s e  p a r t s  perform i n  t h e  system a s  
a whole. 

The g r e a t  adapta t ion  of t h e  ind iv idua l  organs t o  executing t h e  func t ions  
t o  b e  performed by them and t h e  genera l  "appropriateness" of t h e  whole organiza- 
t i o n  comes t o  t h e  f o r e  with e s p e c i a l  c learness  even with a s u p e r f i c i a l  acquaint-  
ance of t h e  h igher  l i v i n g  beings.  Man had a l ready  noted it long ago, and it  w a s  
expressed i n  t h e  entelechy of A r i s t o t l e .  
material u n t i l  Darwin explained t h e  genesis  of t h i s  "appropriateness" r a t i o n a l l y  
and m a t e r i a l i s t i c a l l y  an t h e  b a s i s  of n a t u r a l  s e l e c t i o n .  

Its essence was myst ica l  and super- 

But "appropriateness" of organiza t ion  i s  inherent  no t  j u s t  i n  h igher  crea- 
t u r e s ,  bu t  permeates t h e  whole l i v i n g  world from top t o  bottom, down t o  t h e  most 
elementary forms of l i f e .  As w e  s a w  above, t h e  agreement between s t r u c t u r e  and 
func t ion  i s  inherent  even i n  p r o t e i n s  and n u c l e l c  a c i d s  and mani fes t s  i t s e l f  on 
t h e  molecular level, but  only i f  t h e s e  molecules are biogenic  i n  n a t u r e ,  a r e  a 
c r e a t i o n  of l i f e .  I n  inorganic  n a t u r e ,  o u t s i d e  of t h e  dependence on l i f e ,  t h i s  
11 appropriateness"  i s  lacking.  W e  would, t h e r e f o r e ,  have t r i e d  i n  va in  t o  seek 
i t s  explanat ion i n  t h e  l a w s  of the  inorganic  world. The genes is  of t h e  appropri-  
a te  i n t r a c e l l u l a r  organiza t ion  c h a r a c t e r i s t i c  of l i v i n g  beings -- b i o l o g i c a l  
metabolism and t h e  dynamic s t r u c t u r e  of t h e  protoplasm assoc ia ted  therewith -- 
can be explained only by t h e  same p r i n c i p l e s  as t h e  o r i g i n  of t h e  "appropriate- 
ness" of t h e  morphological s t r u c t u r e  of h igher  organisms, i . e . ,  by t h e  in te r -  
a c t i o n  of organism and environment and by t h e  Darwinian p r i n c i p l e  of n a t u r a l  
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s e l e c t i o n .  This new b i o l o g i c a l  law arose  while  l i f e  w a s  being formed, and sub- 
sequent ly  occupied t h e  leading p o s i t i o n  i n  t h e  development o€ a l l  l i v i n g  matter .  

The organiza t ion  of protobions pos tu la ted  by us i n  t h e  preceding chapter  
may serve  as t h e  s t a r t i n g  poin t  f o r  t h i s  s o r t  of evolu t ion  on t h e  road t o  t h e  
formation of l i f e .  The p r i n c i p a l  element i n  t h i s  organiza t ion  was t h a t  t h e  
protobions w e r e  no t  only dynamically s t a b l e  systems, w e r e  no t  only a b l e  t o  main- 
t a i n  themselves f o r  an indeterminate  length  of t i m e  i n  t h e  "primary broth",  
obtaining substance and energy from t h e  e x t e r n a l  medium encompassing them, but  
also by a c e r t a i n  combination of t h e  r e a c t i o n s  occurr ing i n  them they possessed 
t h e  a b i l i t y  t o  i n c r e a s e  i n  volume and weight,  t o  grow l i k e  t h e  coacervate  models 
which w e  constructed.  I n  t h i s  growth, t h e  protobions t o  a c e r t a i n  degree kept  
unchanged t h e  o r g a n i z a t i o n a l  forms c h a r a c t e r i s t i c  of them. I n  p a r t i c u l a r ,  i n  
t h e  s y n t h e s i s  of ever newer polymer molecules, t h e  compositional constancy of 
t h e  growing protobions w a s  i n  a c e r t a i n  measure aided by t h e  reproduct ion 
(based on complementarity, which was already p o s s i b l e  under t h e s e  condi t ions ,  
but  w a s  s t i l l  very imperfect)  of t h e  polynucleot ides  contained i n  t h e  protobion. 
However, t h e  main f a c t o r  was t h a t  t h e  protobions kept cons tan t  t h e  r e l a t i o n s h i p s  
between rates and compat ib i l i ty  of t h e  r e a c t i o n s  occuring i n  them (Ref. 2) This 
was d is t inguished  by t h e  f a c t  t h a t ,  even when growing, t h e  protobions always 
maintained wi th in  themselves t h e  o r i g i n a l  high concentrat ion of s implest  in- 
organic  o r  organic  c a t a l y s t s ,  s e l e c t i v e l y  absorbing them from t h e  e x t e r n a l  medi- 
um ( l i k e  dye absorp t ion  i n  our  s imulat ion experiments). 

It is  improbable t h a t ,  under t h e  condi t ions of t h e  p r i m i t i v e  t e r res t r ia l  
hydrosphere, t h e  protobions could have always grown as a s i n g l e  m a s s .  Under 
t h e  e f f e c t  of e x t e r n a l  mechanical forces  ( f o r  example, impact of waves o r  s u r f )  
they must have been broken up a s  t h e  d r o p l e t s  of an emulsion a r e  broken up when . 
it  i s  shaken. Moreover, t h e  l a r g e r  t h e  s i z e  reached by an i n d i v i d u a l  protobion 
i n  i t s  growth process ,  t h e  more s u b s t a n t i a l  w e r e  i t s  chances of being broken up 
i n t o  smaller daughter formations.  These l a t t e r  must t o  a c e r t a i n  degree have 
kept  t h e  s a m e  organiza t ion  of i n t e r a c t i o n  wi th  t h e  e x t e r n a l  medium which was 
inherent  i n  t h e  o r i g i n a l  protobion,  s i n c e  they w e r e  only simple b i t s  and por t ions  
of a formation whose e n t i r e  m a s s  was r e l a t i v e l y  uniform. 
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This phenomenon i n  i t s  constancy and p r e c i s i o n  can, of course,  i n  no measure 
b e  compared wi th  t h e  self-reproduct ion of even t h e  most p r i m i t i v e  organisms 
p r e s e n t l y  e x i s t i n g .  I n  t h e  growth and d i v i s i o n  of t h e  probions t h e r e  could very 
e a s i l y  occur a l l  s o r t s  of devia t ions  and s h i f t s ,  p a r t i c u l a r l y  during any change 
i n  t h e  condi t ions  of t h e i r  environment. A l l  t h i s  taken toge ther  must, however, 
i n e v i t a b l y  have l e d  t o  t h e  rise of a unique "prebiological  n a t u r a l  s e l e c t i o n "  
which determined t h e  f u r t h e r  evolu t ion  of t h e  protobions on t h e  road toward for -  
mation of p r i m i t i v e  l i v i n g  beings.  

A t  p resent ,  a number of opinions have been expressed i n  t h e  s c i e n t i f i c  
l i t e r a t u r e  on t h e  competency of the use of t h e  term "natura l  s e l e c t i o n "  only i n  
respec t  t o  l i v i n g  beings.  It i s  an opinion widely he ld  among b i o l o g i s t s  (Ref. 
3 ) ,  t h a t  n a t u r a l  s e l e c t i o n ,  a s  a s p e c i f i c a l l y  b i o l o g i c a l  l a w ,  cannot be extended 
t o  o b j e c t s  which are n o t  y e t  al ive,  and p a r t i c u l a r l y  n o t  t o  our protobions.  

It is ,  however, erroneous t o  t h i n k  t h a t  l i v i n g  bodies  f i r s t  o r i g i n a t e d  and 
then b i o l o g i c a l  l a w s  o r  vice versa, t h a t  i n  t h e  beginning b i o l o g i c a l  l a w s  w e r e  
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formulated and then l i v i n g  bodies arose.  I n  t h i s  a s p e c t ,  t h e  formulation of 
t h e  problem is  reminiscent  of t h e  o l d  s c h o l a s t i c  argument about what came f i r s t ,  
t h e  chicken o r  t h e  egg. 

Dialectics obl iges  us t o  consider  t h e  formation of l i v i n g  bodies and t h e  
formulation of b i o l o g i c a l  l a w s  as proceeding i n  i n d i s s o l u b l e  uni ty .  It is  
t h e r e f o r e  q u i t e  permiss ib le  t o  assume t h a t  protobions -- those  i n i t i a l  systems 
f o r  t h e  formation of l i f e  -- evolved by submit t ing t o  t h e  a c t i o n  not  only of 
i n t r i n s i c a l l y  p h y s i c a l  and chemical l a w s ,  bu t  a l s o  of i n c i p i e n t  b i o l o g i c a l  l a w s  
including a l s o  p r e b i o l o g i c a l  n a t u r a l  s e l e c t i o n .  Here w e  may c i t e  an analogy 
wi th  t h e  formation of man, i .e . ,  with t h e  rise of a s o c i a l  form of t h e  motion 
of m a t t e r  which i s  even h igher  than l i f e .  A s  i s  known, t h i s  form took shape 
under t h e  inf luence  n o t  s o  much of b i o l o g i c a l  as of s o c i a l  f a c t o r s ,  c h i e f l y  
t h e  l a b o r  of our ances tors ,  coming i n t o  being a t  a very e a r l y  s ta te  of homo- 
genes is ,  and improving more and more. Therefore,  j u s t  as t h e  rise of man is  
not  t h e  r e s u l t  of t h e  opera t ion  of b i o l o g i c a l  l a w s  a lone ,  so  t h e  r i se  of l i v i n g  
bodies cannot b e  reduced t o  t h e  a c t i o n  of only a few laws of inorganic  n a t u r e  
(Ref. 4 ) .  

I 1 3 3  

To i l l u s t r a t e  t h i s ,  w e  would l i k e  t o  g ive  t h e  following s p e c i f i c  example, 
which i s  t o  a c e r t a i n  d e g r e e  a c c e s s i b l e  t o  experimental  v e r i f i c a t i o n .  
suppose t h a t  two types of systems ( l i k e  our models) are present  i n  t h e  same 
s o l u t i o n .  One of t h e s e  systems possesses a c o r r e l a t e d  combination of r e a c t i o n s  
leading t o  s y n t h e s i s  and growth of t h e  e n t i r e  system as a whole under t h e  given 
condi t ions  of t h e  e x t e r n a l  medium. I n  t h e  o t h e r  systems, however, t h i s  cor re la -  
t i o n  i s  impaired, and t h e  processes  going on t h e r e  l e a d  t o  a relative delay i n  
synthes is  o r  even t o  t h e  predominance of decomposition. It i s  understandable 
t h a t  t h i s  second type of system w i l l  g radual ly  f a l l  behind i n  i t s  growth and 
f i n a l l y  disappear ,  y i e l d i n g  i t s  p lace  t o  t h e  f i r s t  type more adapted t o  t h e  
given condi t ions of ex is tence .  

L e t  us  

W e  must understand "prebio logica l  n a t u r a l  s e l e c t i o n "  only i n  t h i s  elementary 
sense.  It i s  mainly expressed i n  t h e  f a c t  t h a t  any d is turbance  of t h e  cor re la -  
t i o n  i n  r e a c t i o n s  must cause death,  t h e  disappearance of t h e  given, so t o  say,  
"unsuccessful" i n d i v i d u a l  system. 

I f ,  on t h e  cont ra ry ,  i n  a p a r t i c u l a r  protobion under condi t ions  of a con- 
s t a n t  o r  changing environment t h e r e  is  an  a c c e l e r a t i o n  of t h e  r e a c t i o n s  of oxi- 
d a t i o n ,  conjugation, and polymerization; a rise i n  t h e i r  c o r r e l a t i o n ;  o r ,  i n  
genera l ,  a change i n  metabolism favoring f a s t e r  syst'em s y n t h e s i s  and growth, 
then t h i s  system has n a t u r a l l y  acquired an advantage over t h e  o thers ,  and begins 
t o  be formed i n  g r e a t e r  and g r e a t e r  numbers. The gradual  improvement i n  t h e  
organiza t ion  of t h e  overwhelming m a s s  of t h e  growing and mul t ip ly ing  protobions 
must a l s o  have occurred on t h i s  b a s i s .  

This must c h i e f l y  have concerned t h e i r  c a t a l y t i c  apparatus  as t h e  main 
f a c t o r  i n  t h e  organiza t ion  of metabolism based on t h e  r e l a t i o n s h i p  between t h e  
rates of t h e  i n d i v i d u a l  r e a c t i o n s  comprising metabolism. Of course,  a t  t h e  
s t a g e  of development which w e  are analyzing, t h e r e  could have been no quest ion 
of such complex substances (endowed with s p e c i f i c  intramolecular  s t r u c t u r e )  as 
t h e  enzymes of modern organisms. The c a t a l y s t s  a v a i l a b l e  t o  t h e  protobions 
could have been only t h e  s imples t  organic  substances o r  inorganic  compounds 

102 



present  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  t h e  "primary broth". I n  p a r t i c u l a r ,  t h e  
salts of i r o n ,  copper, and o t h e r  heavy metals ,  f o r  example, could appreciably 
a c c e l e r a t e  t h e  r e a c t i o n  of e l e c t r o n  (hydrogen) t r a n s f e r .  To be s u r e ,  t h e i r  1134 
c a t a l y t i c  a c t i o n  w a s  incomparably weaker than t h a t  of such enzymes as peroxidase 
o r  phenoloxidase. 'They are, so t o  speak, very "poor" i n  comparison with enzyme 
c a t a l y s t s .  However, as demonstrated by W. Langenbeck (Ref. 5 ) ,  t h e i r  c a t a l y t i c  
a c t i v i t y  can be s u b s t a n t i a l l y  r a i s e d  when they are combined with c e r t a i n  r a d i c a l s  
o r  molecules. 

The r e a c t i o n  of e l e c t r o n  (hydrogen) t r a n s f e r ,  f o r  example, may thus b e  
acce lera ted  by even an i o n  of inorganic  i r o n ,  bu t  t h i s  a c c e l e r a t i o n  i s  very 
s l i g h t .  It rises somewhat when i r o n  i s  combined with pyr ro le .  I f ,  however, i r o n  
is incorporated i n t o  a t e t r a p y r r o l e  compound -- i n t o  t h e  porphyrin r i n g  -- then 
t h e  hemin thus  produced w i l l  have a c a t a l y t i c  a c t i o n  a thousand t i m e s  g r e a t e r  
than t h e  s i m i l a r  a c t i o n  of inorganic  i ron .  As W. Langenbeck demonstrated, even 
such a simple organic  compound as methylamine can speed up t h e  r e a c t i o n  of de- 
carboxylat ion of k e t o n i c  a c i d s  i n  a s i m i l a r  fashion t o  t h a t  of t h e  enzyme car- 
boxylase i n  t h e  l i v i n g  ce l l .  By i t s e l f ,  however, methylamine a c t s  i n  t h i s  
d i r e c t i o n  so  weakly t h a t  t h i s  a c t i o n  can be detected only a t  an increased temp- 
e r a t u r e  (under autoclave condi t ions) .  The incorpora t ion  of a carboxyl group in- 
t o  t h e  methylamine molecule ( synthes is  of g lycocol l )  raises i t s  c a t a l y t i c  e f f e c t  
by a f a c t o r  of almost twenty. It is  r a i s e d  s e v e r a l  t i m e s  more by t h e  incorpora- 
t i o n  of an aromatic o r  h e t e r o c y c l i c  r i n g ,  etc. Using t h i s  method and consciously 
incorporat ing newer and newer atomic groupings i n t o  t h e  i n i t i a l  molecule, Langen- 
beck produced h i s  noted " a r t i f i c i a l  enzyme models", p a r t i c u l a r l y  t h e  s o r t  of 
compound whose c a t a l y t i c  e f f e c t  was many thousands of times g r e a t e r  than t h e  
s i m i l a r  e f f e c t  of methylamine. 

This same r o u t e  of step-by-step improvement of t h e  s implest  c a t a l y s t s  could 
a l s o  have been used i n  t h e  process of protobion evolut ionary development based 
on t h e i r  n a t u r a l  s e l e c t i o n .  M. Calvin (Ref. 6) has  j u s t l y  ind ica ted  t h i s  possi-  
b i l i t y  f o r  t h e  evolu t ionary  formation of b i o l o g i c a l  c a t a l y s t s .  However, simply 
i n  s o l u t i o n  t h e  i n d i v i d u a l  molecules of t h e  c a t a l y s t s  could not  be n a t u r a l l y  
s e l e c t e d ,  s i n c e  t h e  capac i ty  of these  molecules themselves t o  c a t a l y z e  oxida t ion ,  
t o  a b e t t e r  o r  poorer e x t e n t ,  gave them no advantage wi th  respec t  t o  length  of 
ex is tence  o r  i n c r e a s e  i n  number as compared wi th  o t h e r  s i m i l a r  molecules lacking 
t h i s  capaci ty .  Other r e l a t i o n s h i p s  w e r e  c rea ted  f o r  t h e  c a t a l y s t s  included i n  
t h e  i n t e g r a l  system of a protobion. The i n d i v i d u a l  p a r t s  of t h e  complex, 
c a t a l y t i c a l l y - a c t i v e  molecules dissolved i n  t h e  surrounding medium could i n  
themselves b e  almost completely devoid of t h i s  a c t i v i t y .  However, s e l e c t i v e l y  
adsorbed by a protobion,  they  combined i n t o  a c a t a l y t i c a l l y - a c t i v e  complex. 
( i n  comparison t o  t h e  e x t e r n a l  medium) t h i s  complex acce lera ted  polymerization 
o r  t h e  o t h e r  above-mentioned r e a c t i o n s ,  i t  was p r e c i s e l y  t h i s  complex which 
determined t h e  continuous n a t u r e  of t h e  system, i t s  dynamic s t a b i l i t y ,  and i t s  
capac i ty  f o r  growth ( a s  w e  have seen i n  t h e  example of s imulat ion experiments). 
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I f  

I 

From t h i s  i t  i s  clear t h a t  t h e  more advanced a given complex was -- i . e . ,  
t h e  more i t s  molecular s t r u c t u r e  corresponded t o  i t s  c a t a l y t i c  func t ion  and t h e  
more t h i s  func t ion  w a s  c o r r e l a t e d  with t h e  o t h e r  r e a c t i o n s  proceeding i n  a given 
protobion -- t h e  g r e a t e r  w e r e  t h e  advantages which t h i s  protobion der ived,  t h e  
f a s t e r  i t  grew and mul t ip l ied .  Consequently, i t  a l s o  occupied a leading p o s i t i o n  
i n  t h e  progress ive  evolu t ion  of p r e b i o l o g i c a l  systems. 
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W e  can imagine t h e  c o l o s s a l  number of atomic groupings,  r a d i c a l s ,  organic  
and inorganic  compounds, and t h e i r  complexes which t o  some degree possessed t h e  
capac i ty  of ca ta lyz ing  r e a c t i o n s  necessary t o  t h e  ex is tence  of t h e  protobions,  
e .g . ,  t h e  r e a c t i o n  of e l e c t r o n  (hydrogen) t r a n s f e r .  

I n  numerous protobions which w e r e  f i r s t  produced, t h i s  t r a n s f e r  func t ion  
must, of course, have been e f f e c t u a t e d  by very d i f f e r e n t  c a t a l y t i c  mechanisms 
whose s t r u c t u r e  v a r i e d  g r e a t l y  depending on t h e  composition of t h e  medium f r o n  
which t h e  material w a s  taken f o r  bu i ld ing  t h e s e  chemical mechanisms, and on t h e  
i n d i v i d u a l  f e a t u r e s  of each i n d i v i d u a l  protobion. 

Because n a t u r a l  s e l e c t i o n ,  however, always r e j e c t e d  t h e  less p e r f e c t  mech- 

From t h e  boundless sea of chemical p o s s i b i l -  
anisms and destroyed a l l  t h e  systems endowed wi th  them, t h i s  mul t i fa r iousness  
gradual ly  became more r e s t r i c t e d .  
i t i es  i n  t h e  "primary broth",  only t h e  few most e f f e c t i v e  combinations of 
molecular groupings w e r e  s e l e c t e d .  Moreover, t h e  earlier i n  t h e  process of 
protobion development t h i s  s tandard iza t ion  of a p a r t i c u l a r  c a t a l y t i c  mechanism 
was e f f e c t e d ,  t h e  more u n i v e r s a l  i t  w a s  t o  be f o r  t h e  whole subsequent world of 
l i v i n g  c rea tures .  

One example which i s  most s t r i k i n g  i n  t h i s  respec t  must be mentioned here  
-- NAD (nicotinamide-adeninedinucleotide), which a s  t h e  u n i v e r s a l  c a r r i e r  of 
hydrogen p a r t i c i p a t e s  i n  numerous oxidizing-reducing processes  i n  t h e  l i v i n g  
ce l l  (Ref. 7 ) .  W e  f i n d  it  d e f i n i t e l y  i n  a l l  modern l i v i n g  beings without e x c e p - m  
t i o n ,  both i n  microbes and h igher  p l a n t s  and animals, both i n  he te ro t rophic  and 
i n  au to t rophic  p l a n t s ,  both i n  organisms which ferment and oxid ize  d i f f e r e n t  
sugars  and i n  l i v i n g  beings whose carbon food sources  are phenols and o t h e r  
approximate hydrocarbon d e r i v a t i v e s .  

This i n d i c a t e s  t h a t  t h e  NAD was chosen by l i v i n g  n a t u r e  from a mul t i tude  
of s i m i l a r  compounds long ago a t  a comparatively e a r l y  s t a g e  i n  t h e  evolu t ion  of 
organic  m a t t e r ,  a t  t h e  very spr ings  of l i f e .  This was, of course,  favored by 
t h e  preeminent p o s s i b i l i t i e s  of abiogenic synthes is  of adenine d e r i v a t i v e s  under 
t h e  condi t ions of t h e  "primary broth",  as w e  pointed out  above. Therefore ,  t h e  
adenine d e r i v a t i v e s  must have entered t h e  growing protobions from t h e  e x t e r n a l  
medium a t  t h e  very beginning of protobion genes is .  Subsequently, they acquired 
more and more s i g n i f i c a n c e  as hydrogen carriers, as they became more complex 
and adapted t o  t h i s  process.  

On t h e  b a s i s  of comparative biochemical s tudy of f l a v i n d e r i v a t i v e s ,  s i m i l a r  
s ta tements  may a l s o  be made about these  very u n i v e r s a l  c a t a l y s t s  of oxidizing- 
reducing processes i n  contemporary organisms (Ref. S), and a l s o  about coenzyme 
A (CoA) and s e v e r a l  o t h e r  s i m i l a r  compounds. 

The d a t a  presented enable us t o  hypothesize t h a t  a t  a c e r t a i n  s t a g e  i n  
protobion evolut ion t h e  r o l e  of t h e  a c c e l e r a t o r s  of t h e  processes occurr ing i n  
them began t o  be played by coenzymes, which t h e r e f o r e  replaced s impler ,  but  less 
perfect organic  and inorganic  c a t a l y s t s ,  

Coferments a t  t h e  present  day a l s o  p lay  an outs tanding r o l e  i n  t h e  meta- 
bolism of a l l  modern organisms. 
an extremely widespread u n i v e r s a l  a c c e l e r a t o r  of b i o l o g i c a l  processes;  t h i s  

They are n o t  very numerous, but  any of them is  
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implies  t h a t  they have taken very d i v e r s e  forms i n  t h e  formation and development 
of l i f e  (Ref. 9 ) .  

It is  q u i t e  unnecessary t h a t  a l ready  i n  t h e  f i r s t  s t a g e s  of evolut ion co- 
ferments should have been completely synthesized i n  t h e  protobions themselves. 
The constancy of c a t a l y s t  concentrat ion necessary f o r  t h e  dynamic s t a b i l i t y  of 
growing protobions could a l s o  be maintained simply by t h e  e n t r y  of t h e s e  rela- 
t i v e l y  complex compounds o r  t h e i r  components from t h e  o u t s i d e  medium. H e r e  it 
must be r e c a l l e d  t h a t  many present-day, even h ighly  organized l i v i n g  beings,  
d e s p i t e  t h e  a b s o l u t e  need of t h e i r  metabolism f o r  certain coenzymes, are incap- 1137 
a b l e  of synthes iz ing  some of them and are compelled t o  o b t a i n  them from t h e i r  
environment i n  t h e  form of vi tamins (Ref. 10).  

The formation of processes  leading t o  coenzyme s y n t h e s i s  from simpler and 
simpler compounds w a s ,  however, a s i g n i f i c a n t  s t e p  forward on t h e  road of pro- 
g r e s s i v e  protobion evolut ion.  It crea ted  t h e  condi t ion  making it  poss ib le  f o r  
protobions t o  l i v e  i n  a medium which w a s  becoming less and less complex i n  com- 
p o s i t i o n ,  but  a t  t h e  same t i m e  it required t h e  c o r r e l a t e d  i n t e r a c t i o n  of more 
and more r e a c t i o n s  needed f o r  t h e  synthes is .  

I n  h i s  t i m e ,  N. Horowitz (Ref. 11) on t h e  b a s i s  of h i s  research  on t h e  
fungus Neurospora gave an  i n t e r e s t i n g  diagram f o r  t h i s  s o r t  of evolut ionary com- 
p l e x i t y  of the  synthes iz ing  capaci ty .  It may t o  a c e r t a i n  degree be appl ied a l s o  
t o  t h e  case which w e  are analyzing of coenzyme s y n t h e s i s  i n  evolving protobions.  
The g i s t  of t h e  system i s  as follows. L e t  us assume t h a t  some s implest  organism 
o r  a t  least  some open system needs a more o r  less complex organic  compound A t o  
e f f e c t  i t s  metabolism. I f  t h i s  component i s  present  i n  f i n i s h e d  form i n  t h e  
environment, t h e  system may t a k e  i t  up d i r e c t l y ,  even without possessing any 
s p e c i a l  chemical adaptations f o r  synthes iz ing  t h i s  substance.  But i f  t h e r e  i s  an 
undersupply of substance A i n  t h e  environment, o r  i n  genera l  i f  it e n t i r e l y  d is -  
appears from t h e r e ,  only those  systems can cont inue t o  e x i s t  i n  which i n  some 
way new chemical mechanisms were generated enabling them t o  synthes ize  compound 
A from t h e  s impler  substances B ,  C ,  o r  D present  i n  t h e  surrounding s o l u t i o n  i n  
s u f f i c i e n t  quant i ty .  Subsequently, t h e  same must a l s o  b e  repeated with sub- 
s t a n c e  B a f t e r  i t  i s  exhausted i n  t h e  environment, and s o  on. 

The i n i t i a l  forms of t h e  evolving systems must t h e r e f o r e  have been e n t i r e l y  
he te ro t rophic ,  i . e . ,  completely dependent on t h e  complex composition of t h e  
surrounding medium. Subsequent evolu t ion  w a s  aimed a t  developing i n  t h e  systems 
more and more complex and mult i -s tage processes reducing t h e  dependence of t h e  
systems on t h e i r  environment. 

To a c e r t a i n  degree,  t h i s  pa th  of evolu t ion  may b e  demonstrated even by t h e  
example of our coacervate  models. The d r o p l e t s  possessing only  t h e  a b i l i t y  t o  
polymerize could maintain themselves andgrow only i n  a medium containing macro- 
e r g i c  phosphorus compounds. The incorpora t ion  of oxidizing-reducing r e a c t i o n s  
and combined mechanisms permit ted t h e  d r o p l e t s  themselves t o  synthes ize  the 
macroergic compounds and made i t  p o s s i b l e  f o r  t h e  d r o p l e t s  t o  grow i n  a less 
complex and s p e c i a l i z e d  medium. S imi la r ly ,  t h e  e x i s t e n c e  of t h e  protobions which 
u t i l i z e d  only t h e  ready-made c a t a l y s t s  found i n  t h e  medium surrounding them t o  
a c c e l e r a t e  and c o r r e l a t e  t h e  t h r e e  r e a c t i o n s  mentioned w a s  very r e s t r i c t e d  by 
t h i s  condi t ion.  The c a t a l y s t s  themselves could i n  t h i s  case be represented only 
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by comparatively pr imi t ive ,  s l i g h t l y  s p e c i a l i z e d  substances.  A s u b s t a n t i a l  for -  
ward s t e p  w a s  t h e r e f o r e  t h e  synthes is  of more e f f i c i e n t  c a t a l y s t s  (coenzymes) 
from less complex environmental components i n  t h e  protobion i t s e l f .  However, 
t h i s  required t h e  a d d i t i o n a l  development of a new s y n t h e s i s  r e a c t i o n  i n  t h e  
protobion t o  b e  connected t o  t h e  t h r e e  previous ones. Thus, t h e  system of m e t a -  
b o l i c  reac t ions  i n s i d e  t h e  protobions had t o  become more and more advanced, and 
hence complicated, as t h e  process  of protobion growth and n a t u r a l  s e l e c t i o n  went 
on. 

Even purely t h e o r e t i c a l  considerat ions expressed by a number of modern 
authors  (Ref. 1 2 )  f o r c e  us t o  assume t h a t  t h e  progress ive  evolu t ion  of such open 
systems as our protobions,  i n  p a r t i c u l a r ,  d i d  not  travel merely t h e  pa th  of i m -  
proved c o r r e l a t i o n  of a s m a l l  number of above r e a c t i o n s ,  bu t  a l s o  w a s  aimed a t  
increas ing  t h e  number of t h e s e  r e a c t i o n s ,  of lengthening t h e  chains  formed by 
them, of ramifying t h e s e  chains ,  and of c los ing  them i n t o  cons tan t ,  r e p e t i t i v e  
cyc les .  This is i n  fact  confirme'd by t h e  presence i n  a l l  present-day organisms 
of a very complex metakal ic  network cons is t ing  of a very l a r g e  number of reac- 
t i o n s .  I n  t h e  d i f f e r e n t  r e p r e s e n t a t i v e s  of the l i v i n g  world, t h i s  network may, 
as we w i l l  see below, t a k e  very  d i v e r s e  forms, b u t  as i t s  i n d i v i d u a l  l i n k s  i t  
must conta in  t h e  t h r e e  r e a c t i o n  types of which w e  have spoken above. These 
r e a c t i o n s  w e r e  a l ready  inherent  i n  t h e  protobions and comprised t h e  b a s i s  of 
t h e i r  rudimentary metabolism, but  i n  t h e  process of evolu t ion  they have been 
repea ted ly  added t o  and complicated by incorpora t ion  of cons tan t ly  new i n d i v i d u a l  
r e a c t i o n s  and t h e i r  combinations. 

The longer  and more d i v e r s e  t h e  r e a c t i o n  chains  became, however, and t h e  
g r e a t e r  t h e  number of them which entered i n t o  t h e  metabol ic  network, t h e  more 
r igorous  had t o  b e  t h e  c o r r e l a t i o n  between t h e  rates of t h e  i n d i v i d u a l  r e a c t i o n s ,  
and t h e  more advanced t h e  c a t a l y t i c  mechanisms which were needed t o  achieve t h i s .  
Therefore,  t h e  few and r e l a t i v e l y  mi ld ly  s p e c i a l i z e d  coenzyme c a t a l y s t s  which 
had previously e x i s t e d  proved t o  be inadequate f o r  so lv ing  t h i s  complex problem. 
The next  very important s t e p  i n  progressive protobion evolu t ion  was t h e  c r e a t i o n  
of a whole a r s e n a l  of powerful new enzyme c a t a l y s t s  -- i . e . ,  p r o t e i n s  whose 
intramolecular  s t r u c t u r e  w a s  e x t r a o r d i n a r i l y  w e l l  adapted t o  t h e  c a t a l y t i c  func- 
t i o n s  they w e r e  t o  perform. 

Dickson and Webb (Ref. 13) conclude t h e i r  fundamental book by j u s t l y  re- 1139 
marking t h a t  t h e  problem of t h e  p r i m i t i v e  o r i g i n  of enzymes i s  one of t h e  hard- 
est quest ions t o  solve.  They b e l i e v e  i t  e n t i r e l y  p o s s i b l e  t h a t  amino a c i d s  o r  
t h e i r  a c t i v a t e d  d e r i v a t i v e s  w e r e  ab iogenica l ly  polymerized i n  t h e  aqueous p r i -  
mary s o l u t i o n  of organic  t e r r e s t r i a l  substances.  

Numerous high-molecular polypeptides and var ious  pro te in- l ike  substances,  
t h e r e f o r e ,  could and must have been formed i n  t h i s  s o l u t i o n .  However, i t  i s  
very u n l i k e l y  t h a t  enzymes had t h e i r  primary o r i g i n  i n  t h i s  fash ion ,  i n  t h e  
opinion of Dickson and Webb. 

Enzymes possess  except ional  a c t i v i t y  and s p e c i f i c i t y  of t h e i r  c a t a l y t i c  
e f f e c t  p r e c i s e l y  because t h e i r  intramolecular  s t r u c t u r e  i s  very p e r f e c t l y  
adapted t o  accomplishing t h i s  b i o l o g i c a l  func t ion  of t h e i r s ,  and t h i s  adapta t ion  
could n o t ,  of course,  have had a random o r i g i n  simply i n  a s o l u t i o n  of organic  
substances.  
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It is  t r u e  t h a t  w e  have a l ready  become f a m i l i a r ,  i n  t h e  example of coenzyme 
formation, wi th  t h e  p o s s i b i l i t y  t h a t  c a t a l y t i c  equipment may adapt i n  a c e r t a i n  
measure t o  t h e  func t ion  which i t  performed i n  p r i m i t i v e  metabolism. However, 
f i r s t ,  t h i s  formation, a s  w e  saw, could not  take  p lace  simply i n  t h e  s o l u t i o n  
of t h e  "primary broth' ' ,  but  i n  dynamically s t a b l e ,  growing and mul t ip ly ing  
protobions on t h e  b a s i s  of n a t u r a l  s e l e c t i o n  of t h e s e  ind iv idua l  systems. Sec- 
ond, w e  must form a clear concept of t h e  fundamental d i f f e r e n c e  e x i s t i n g  between 
coenzymes and modern p r o t e i n  enzymes. 

Many enzymes (pro te ides)  conta in  a p a r t i c u l a r  p r o s t h e t i c  coenzyme grouping 
i n  t h e  composition of t h e i r  c a t a l y t i c a l l y  active center .  I n  a d d i t i o n  t o  t h i s ,  
i n  t h e  active c e n t e r s  of both the p r o t e i d e s  and t h e  o t h e r  enzymes (pro te ins)  
t h e  s i d e  chains  of amino-acid r a d i c a l s  containing hydroxyl,  amine, carboxyl 
su l fhydry l ,  imidozole,  indole ,  and o ther  groupings are a l s o  combined, whose 
chemical p r o p e r t i e s  are w e l l  known. I n  some cases  t h e s e  groupings, l i k e  t h e  
coenzymes, may a l s o  appear as c a t a l y s t s ,  bu t  they a r e  very commonplace i n  r e s p e c t  
t o  t h e i r  c a t a l y t i c  a c t i v i t y  and cannot b e  a t  a l l  compared with enzymes themselves, 
whose capaci ty  t o  accelerate t h i s  o r  t h a t  p a r t i c u l a r  r e a c t i o n  is t r u l y  enormous 
(Ref. 14) .  The enzyme hexokinase, f o r  example, thus a c c e l e r a t e s  t h e  i n t e r a c t i o n  
of ATP with glucose by a f a c t o r  of more than 1011. Alcohol dehydrogenase accel-  
e r a t e s  t h e  oxida t ion  of a lcohol  more than a b i l l i o n  (109) t i m e s ,  and s o  on. The 
very high s p e c i f i c i t y  of enzymatic a c t i o n  i s  a l s o  absolu te ly  as tonish ing  and /140 
caused E m i l  Fischer  (1852-1919) i n  h i s  t i m e  t o  u t t e r  t h e  aphorism t h a t  any 
enzyme f i t s  i t s  s u b s t r a t e  l i k e  a key i n t o  a lock.  

The f a c t  t h a t  each s p e c i f i c  enzyme ca ta lyzes  only a s t r i c t l y  determinate  
r e a c t i o n  from a mul t i tude  of o t h e r s ,  p o t e n t i a l l y  poss ib le  f o r  a given r e a c t i o n  
s u b s t r a t e ,  has  enormous importance f o r  t h e  organiza t ion  of metabolism, n o t  only 
from t h e  aspec t  of t o t a l  a c c e l e r a t i o n  of t h e  whole v i t a l  process ,  bu t  a l s o  from 
t h a t  of t h e  determinate  sequence of metabol ic  r e a c t i o n s  and t h e  genera l  d i r e c t i o n  
of metabolism. 

What w e  have s a i d  may be i l l u s t r a t e d  by t h e  following elementary diagram. 
L e t  us assume t h a t  a c e r t a i n  organic  substance A can be converted i n t o  sub- 
s tances  B y  C y  D ,  etc.  In t h e  diagram t h e  rates of t h e s e  conversions are ex- 
pressed by t h e  r a d i u s  v e c t o r s ,  whose length  accordingly descr ibes  t h e  rate of 
a c e r t a i n  reac t ion .  

I n  t h i s  diagram w e  see t h a t  t h e  rate of t h e  A +- B r e a c t i o n  is seven t i m e s  
g r e a t e r  than t h a t  of t h e  A -t D t ransformation,  whi le  t h e  l a t te r  i s  t w i c e  as 
slow as t h e  A +- C r e a c t i o n .  It i s  understandable t h a t  when, a f t e r  t h e  l a p s e  of 
a c e r t a i n  t i m e ,  t h e  whole reserve of substance A has  disappeared t h e r e  w i l l  b e  
70% B y  20% C and 10% D i n  t h e  mixture obtained. Therefore,  t h e  bulk  of substance 
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A is transformed i n t o  substance B y  i .e . ,  t h i s  t ransformation takes  t h e  pa th  of 
t h e  f a s t e s t  reac t ion .  

I f  i n  t h e  descr ibed case w e  apply any e f f e c t s  which uniformly increase  t h e  
speeds of a l l  p o s s i b l e  r e a c t i o n s  (e.g. ,  a rise i n  temperature) , t h e  r a t i o  be- 
tween t h e  f i n a l  product y i e l d s  w i l l  no t  then change a t  a l l .  However, i f  w e  
introduce i n t o  t h e  o r i g i n a l  mixture  a c a t a l y s t  which s p e c i f i c a l l y  a c c e l e r a t e s  
only t h e  A + D r e a c t i o n  by many m i l l i o n s  of t i m e s  without touching t h e  A + B 
and A -t C r e a c t i o n s ,  a completely d i f f e r e n t  e f f e c t  w i l l  b e  obtained. Here sub- 
s t a n c e  A w i l l  b e  p r a c t i c a l l y  completely converted i n t o  D ,  while B and C w i l l  
prove t o  be only b a r e l y  p e r c e p t i b l e  o r  even impercept ible  admixtures. 

The substance D thus  generated,  as w e l l  as A o r  any o t h e r  organic  compound,/l41 
possesses  many chemical p o t e n t i a l i t i e s ,  but  it w i l l  a l s o  c h i e f l y  e n t e r  i n t o  i t s  
chemical t ransformations by t h e  f a s t e s t  rou te ,  while  t h e  compound N formed from 
it may analogously become t h e  i n i t i a l  substance f o r  subsequent chemical t rans-  
formations. Thus t h e r e  i s  generated a chain of success ive ,  temporally i n t e r -  
c o r r e l a t e d  r e a c t i o n s  whose pa t te rned  organiza t ion  i s  based on t h e  v e l o c i t y  r a t i o :  

But such a chain i s  p o s s i b l e  only when t h e r e  i s  a whole series of c a t a l y s t s  
present ,  each one of which is s p e c i f i c  merely t o  i t s  corresponding l i n k  i n  t h e  
chain.  The s i g n i f i c a n c e  of t h i s  s p e c i f i c i t y  comes t o  t h e  f o r e  t o  an even g r e a t e r  
degree i n  branching of t h e  chains .  I n  t h i s  case, not  only must t h e  obl iga tory  
presence of a l l  c a t a l y s t s  (enzymes) which .are s p e c i f i c  t o  each l i n k  i n  t h e  chain 
b e  taken i n t o  cons idera t ion ,  but  a l s o  t h e  r a t i o  of t h e i r  c a t a l y t i c  a c t i v i t y .  
Any in te rmedia te  compound found a t  t h e  poin t  where t h e  chain branches fol lows,  
i n  p r a c t i c e ,  n o t  one, bu t  a t  least  two d i f f e r e n t  pa ths ,  each of which i s  deter-  
mined by i t s  s p e c i f i c  enzyme -- t h e  relative degree of i t s  c a t a l y t i c  a c t i v i t y .  
When t h e  number of l i n k s  i n  t h e  metabol ic  chain w a s  smal l ,  t h e  metabol ic  order  
could be regula ted  by such r e l a t i v e l y  backward c a t a l y s t s  as t h e  coenzymes. The 
metabol ic  system w a s  a b l e  t o  become more complicated only with t h e  r ise  of very 
powerful and r igorous ly  s p e c i f i c  c a t a l y s t s  -- t h e  enzymes. 

A t  t h e  same t i m e ,  t h e  coenzymes themselves could b e  formed only on purely 
k i n e t i c  foundations because of t h e  c o r r e l a t i o n  between t h e  v e l o c i t i e s  of a 
r e l a t i v e l y  s m a l l  number of r e a c t i o n s .  Enzyme s y n t h e s i s ,  on t h e  o ther  hand, 
required f a r  more complex mechanisms determining n o t  only t h e  formation of t h e  
molecular groupings comprising t h e  active c e n t e r ,  bu t  a l s o  t h e  r igorous ly  pat-  
terned s t r u c t u r e  of t h e  whole p r o t e i n  molecule ( o r  a t  least  a considerable  p a r t  
of i t )  i n  respec t  both t o  t h e  p r e c i s e  sequence of t h e  amino a c i d  radicals i n  
t h e  polypept ide chain,  and t o  t h e  s p a t i a l  packing of t h i s  chain i n  t h e  p r o t e i n  
globule.  Although a l a r g e  number of modern f ind ings  i n d i c a t e  t h a t  t h e  cata- /142 
l y t i c  a c t i v i t y  and s p e c i f i c i t y  of enzyme a c t i o n  i s  c h i e f l y  determined by t h e  
active center  represent ing  only a very s m a l l  p a r t  of t h e  p r o t e i n  molecule, w e  
never the less  know t h a t  a very important r o l e  a l s o  belongs t o  t h e  remaining 
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s t r u c t u r e  of t h e  polypept ide chain. 
whose purpose i s  reduced t o  c r e a t i n g  t h e  proper s p a t i a l  arrangement of t h e  
groupings determining c a t a l y t i c  a c t i v i t y  and s p e c i f i c i t y .  

It must b e  regarded a s  a c e r t a i n  framework 

A 

Figure 21. Diagram of Hypo- 
t h e t i c a l  Reaction Taking Place  
on Enzyme Surface with P a r t i c i -  
pa t ion  of Two S u b s t r a t e s ,  A, and 
B y  and of Three C a t a l y t i c  Enzyme 
Groups, R ,  S ,  and T. The Arrows 
(A) I n d i c a t e  Or ien ta t ion  Corres- 
ponding t o  Maximum Reactive 
Capacity. Darkened Sec tors  In- 
d i c a t e  t h e  P a r t  of t h e  Mole- 
c u l a r  Surface on which Reaction 
(B) may Occur. 
a r e  Kept i n  t h e i r  Places  by 
Enzymatic S t r u c t u r a l  Features;  
t h e  Subs t ra tes  -- by S p e c i f i c  
Nature of t h e  Adsorptive Pro- 
cesses .  

The Act ive Groups 

D. Roshland (Ref. 15) b e l i e v e s  t h a t  
t h e  high c a t a l y t i c  q u a l t i t i e s  of enzymes 
are t o  a considerable  degree,  and perhaps 
even e n t i r e l y ,  caused by t h e  mutual 
o r i e n t a t i o n  of s u b s t r a t e s  and c a t a l y s t .  
A s  an explanat ion,  h e  g ives  a very simple 
system -- t h e  " t r i p l e  complex" between 
two i n t e r a c t i n g  s u b s t r a t e s  and an enzyme 
possessing t h r e e  c a t a l y t i c a l l y  .active 
groups d i s t r i b u t e d  i n  d i f f e r e n t  p a r t s  of 
t h e  polypept ide chain (Figure 21). A t  
t h e  same t i m e ,  Koshland is  of t h e  opinion 
t h a t  t h e  enzyme must n o t  be regarded as a 
simple "copy" o r  "mold" of t h e  s u b s t r a t e  
and t h a t  t h e  enzyme conf igura t ion  under- 1143 
goes appreciable  change during i n t e r a c t i o n  
with t h e  s u b s t r a t e .  A s  a model, h e  g ives  
a comparison wi th  a glove. 
he w r i t e s ,  "is n o t  a t  a l l  a mold of t h e  
hand, and u n t i l  i t  is  put  on t h e  hand it 
may b e  folded,  twis ted ,  etc.  i n  var ious  
ways. Only when it  i s  put  on t h e  hand 
does it completely match it  i n  shape. 
I n  t h e  case of t h e  enzyme, s i m i l a r  i n t e r -  
r e l a t i o n s  obviously occur.  '' This con- 
cept  of a " f lex ib le"  enzyme demands 
a very per fec ted  degree of order  i n  
t h e  s t r u c t u r e  of t h e  enzymatic pro- 
t e in .  

"A glove", 

I n  c o n t r a s t  t o  t h i s ,  t h e  arrangement 
of t h e  amino a c i d  r a d i c a l s  i n  t h e  or ig in-  
a l l y  generated pro te in- l ike  polymers must 
have had only a random, disordered n a t u r e ,  
These polymers could have served comp- 
l e t e l y  as t h e  material f o r  forming co- 
acerva te  d r o p l e t s  and could have en tered  
i n t o  t h e  composition of growing protobions,  
but  they w e r e  e i t h e r  completely deprived 
of c a t a l y t i c  a c t i v i t y  o r  they were very 
poor c a t a l y s t s .  

Of course,  during t h e  continuous polymerization of amino a c i d s  e n t e r i n g  
from the e x t e r n a l  medium -- a polymerization which w a s  cont inua l ly  proceeding 
i n  t h e  dynamically s t a b l e  d r o p l e t s  o r  protobions -- i n d i v i d u a l  combinations of 
amino-acid r a d i c a l s  could a l s o  b e  formed which t o  a c e r t a i n  degree had i n h e r e n t l y  
u s e f u l  c a t a l y t i c  a c t i v i t y  f o r  t h e  system. 
which w a s  more advanced i n  this r e s p e c t ,  c rea ted  an advantage f o r  t h e  protobion 

This genera t ion  of a polypept ide,  
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engendering it only when, i n  t h e  f u r t h e r  growth of t h i s  protobion, t h e  s y n t h e s i s  
of polypept ides  i n  it always l e d  t o  a combination of amino-acid r a d i c a l s  which 
w a s  cons tan t ly  favorable  c a t a l y t i c a l l y .  With t h e  usua l  "lack of order" i n  t h e  
polymerization of t h e  amino-acids e n t e r i n g  t h e  protobion from t h e  e x t e r n a l  
medium, t h i s  advantage w a s  quickly l o s t  -- l eve led  out  i n  t h e  growing protobion. 

Thus, i t  w a s  very important f o r  t h e  f u r t h e r  progress ive  evolu t ion  of t h e  
protobions t h a t  an organiza t ion  be c r e a t e d  which would permit t h e  s y n t h e s i s  of 
polypept ides  a l ready  endowed with a c e r t a i n  more o r  less constant  arrangement 
of amino-acid r a d i c a l s ,  and which would secure  constancy of intermolecular  
s t r u c t u r e  i n  t h e  newly-synthesized palypept ides .  Such an organiza t ion  could 
no longer  b e  e n t i r e l y  based on merely k i n e t i c  foundat ions,  on t h e  constant  seq- 
uence of r e a c t i o n s  i n  t h e  chain of metabolism, but  requi red  t h e  development of 
fundamentally new s p a t i a l  ("matrix") mechanisms. An except iona l ly  important 
r o l e  i n  t h i s  respec t  f e l l  t o  t h e  l o t  of t h e  polynucleot ides .  

Figure 22. Str .ucturalMode1 of DNA Molecule (Accord- 
ing  t o  Watson and Crick) .  

A s  w a s  pointed out  above, i n  t h e  e a r t h ' s  o r i g i n a l  "nut r ien t  broth" only 1144 
"disordered" s y n t h e s i s  of polynucleot ides  having mononucleotide r a d i c a l s  randomly 
arranged i n  t h e i r  molecular chain was poss ib le .  But as  soon a s  t h i s  chain 
reached a c e r t a i n  s i z e ,  even t h e  polynucleot ides  of "disordered" s t r u c t u r e  having 
a c e r t a i n  degree of polymerization now entered  i n t o  r e c i p r o c a l  r e l a t i o n s  with 
t h e  polypeptides and o t h e r  polymers of t h e  "primary broth", and toge ther  with 
them separated out  of t h e  common s o l u t i o n  i n  t h e  form of coacervate d r o p l e t s ,  as 
w e  demonstrated above i n  s imulat ion experiments. 

Polynucleot ides ,  however, d i f f e r  from o t h e r  polymers i n  t h e  f o l l o i w g  un- 
usua l  way. More than t e n  y e a r s  ago Watson and Crick (Ref, 16), s t a r t i n g  from a 
number of s ter ic  and chemical cons idera t ions ,  demonstrated t h a t  two polynucleo- 
t i d e  chains could combine wi th  each o t h e r  i n t o  a double s p i r a l  only i n  a com- 
plementary fashion (Figure 22),  i . e . ,  s o  t h a t  a c e r t a i n  purine o r  pyrimidine 
base i n  one chain w a s  jo ined  by hydrogen bonds only t o  another determinate,  but  
non-ident ical  base of t h e  o t h e r  chain (e .g . ,  adenine combines with thymine o r  
u r i d i n e ,  but  guanine always with cytosine)  (Figure 23) .  This hypothesis was 
experimentally corroborated f i r s t  i n  simple s y n t h e t i c  polynucleot ides  corqposed 
e n t i r e l y  of i d e n t i c a l  mononucleotide r a d i c a l s  alone. It w a s ,  f o r  example, thus 
shown t h a t  polythymidylic ac id  i s  complementary t o  a polynucleot ide chain con- 
t a i n i n g  no o t h e r  bases  but  adenine (polyadenylic a c i d ) .  Subsequently, by the 
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example both of n a t u r a l  n u c l e i c  a c i d s  (DNA) and of a r t i f i c i a l  polynucleot ides  
constructed of a l l  f o u r  bases ,  c l a r i f i c a t i o n  w a s  obtained f o r  t h e  r o l e  which is 
played by t h e  complementarity of polynucleot ide chains i n  t h e i r  syntheses.  when 
t h e  sequence of bases  i n  one-such-chain determines t h e i r  sequence-in t h e  o t h e r  
a l s o  (Ref. 1 7 ) .  

I145 

Adenine 

Figure 2 3 .  
and Pyrimidine Bases. 

Hydrogen-Bond Formation Between Purine 

G. Schram e t  a l .  (Ref. 18) found t h a t  t h i s  phenomenon a l s o  occurs i n  abi-  
ogenic non-enzymatic s y n t h e s i s  of polynucleot ides .  I n  h i s  experiments, f o r  
example, i n  t h e  polycondensation of u r i d i n e  monophosphate t h e  s y n t h e s i s  of u r i -  
d y l i c  a c i d  thus proceeded many t i m e s  f a s t e r  i n  the .presence  of i t s  complementary 
polyadenylic a c i d  and, cont ra r iwise ,  t h e  formation of u r i d y l i c  ac id  acce lera ted  
s y n t h e s i s  of t h e  polyadenyl ic  chain.  

I n  t h e  simple aqueous s o l u t i o n  of t h e  "primary broth", t h i s  s o r t  of accel- 

Even i f  some 
e r a t e d  formation of any c e r t a i n  s i n g l e  polymer could have caused i t  only t o  
accumulate cons tan t ly  i n  t h e  form of unusual organic  depos i t s .  
random changes occurred i n  t h e s e  syntheses  -- f o r  example, incorpora t ion  of 
o t h e r  mononucleotides i n t o  t h e  o r i g i n a l l y  uniform chain -- these "mutations", so 
t o  speak, could p lay  no r o l e  i n  t h e  f u r t h e r  evolu t ion  of organic  m a t t e r .  me 
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f a c t  t h a t  one o r  s e v e r a l  adenine r a d i c a l s  w e r e  replaced by o t h e r  bases  i n  t h e  
polyadenylic chain gave t h i s  chain no advantages over t h e  former una l te red  chains 
i n  t h e i r  subsequent "mult ipl icat ion".  Therefore,  under t h e  condi t ions of a 
simple aqueous s o l u t i o n  no s e l e c t i o n  of i n d i v i d u a l  polynucleot ide molecules 
could occur.  Quite  d i f f e r e n t  r e l a t i o n s h i p s  w e r e  c rea ted  when t h e s e  molecules 
w e r e  incorporated i n t o  i n t e g r a l  systems containing o t h e r  polymers -- i n  p a r t i c -  
u l a r ,  p ro te in- l ike  polypept ides  -- as occurred i n  t h e  formation of coacervate  
d r o p l e t s  i n  t h e  "primary broth". 

I n  t h i s  case,  any sequence of mononucleotides i n  t h e  polynucleot ide chain 
could a f f e c t  t h e  combination of a c t i v e  amino-acid groups i n  t h e  polypept ides  
forming i n  t h e  system, and t h i s  combination exer ted  i t s  inf luence  on t h e  p r i m i t i v e  
metabol ic  organiza t ion  of t h e  e n t i r e  given system as  a whole. I f  t h e  changes 
thus  occurr ing i n  metabolism w e r e  favorable  i n  t h e  sense  of maintaining and in- 
creasing t h e  i n t e g r a l  system, they w e r e  r e t a i n e d  by n a t u r a l  s e l e c t i o n  and be- 
came f i x e d  i n  t h e  given growing system because of reproduct ions of t h e  poly- 
nuc leo t ides  formed. I n  t h e  contrary case, they w e r e  excluded from subsequent 
protobion evolu t ion ,  because t h e  system giving rise t o  these  changes per ished.  
Therefore,  i t  w a s  n o t  t h e  polynucleot ide chain i t s e l f ,  a s  such, which w a s  sub- 
j e c t e d  t o  s e l e c t i o n  proper ,  but  t h e  i n t e g r a l  system i n  which t h i s  chain had 
produced-a c e r t a i n  metabol ic  change. 

Owing t o  t h e  advances achieved by biochemistry i n  recent  years  (Ref. 19), 
w e  know t h a t  i n  present-day organisms t h e  s y n t h e s i s  of p r o t e i n s ,  which have a 
c e r t a i n  sequence of amino-acid r a d i c a l s  i n  t h e i r  polypeptide chain,  p a r t i c u l a r l y  
t h e  s y n t h e s i s  of enzymes, i s  r e a l i z e d  by an e x t r a o r d i n a r i l y  complex and r e f i n e d  
mechanism pre-exis t ing i n  any ce l l  (Ref. 20), having t h e  s i m p l i f i e d  system which 
w e  present  i n  Figure 24. 

This mechanism includes about twenty d i f f e r e n t  s p e c i f i c  enzymes a c t i v a t i n g  
amino-acid, approximately twenty d i f f e r e n t  s p e c i f i c  types of dissolved r ibonucle ic  
ac id  of low molecular weight (S-RNA) ( t h e  so-cal led t r a n s f e r  RNA) and a c e r t a i n  
type of matr ix  determining t h e  sequence of amino-acid threading i n  t h e  p r o t e i n  
chain.  Large molecules of informational  m-RNA, exerc is ing  t h e i r  func t ion  on /147 
s p e c i f i c  s u b c e l l u l a r  p a r t i c l e s  -- ribosomes -- apparent ly  s e r v e  a s  t h e s e  matrices. 
The m-RNA molecules themselves are synthesized i n  t h e  c e l l  n u c l e i  under t h e  
c o n t r o l  of DNA, which i t s e l f  performs two func t ions  -- f i r s t ,  i t  ensures  repro- 
duct ion of i t s e l f  by copying during ce l l  d i v i s i o n ,  r e t a i n i n g  t h e  arrangement of 
mononucleotides i n  t h e  chain c h a r a c t e r i s t i c  of t h e  o r i g i n a l  molecule i n  t h e  
newly-formed molecules. Second, DNA possesses  t h e  capac i ty  t o  cons t ruc t  comple- 
mentary chains of m-RNA depending on i t s  own s t r u c t u r e ,  and t o  determine (by 
means of t h e  m-RNA) t h e  order  of amino-acid arrangement i n  p r o t e i n  s y n t h e s i s  
(Ref. 21) .  Besides t h e s e  substances and chemical mechanisms, a c e r t a i n  s e t  of 
enzymes i s  probably s t i l l  required t o  synthes ize  t h e  pept ide  bond, t o  remove t h e  
f i n i s h e d  p r o t e i n  molecule from t h e  ribosomal mat r ix ,  as w e l l  a s  t o  r e a c t i v a t e  
t h e  S-RNA, A t  t h e  proper s t a g e s  i n  t h e  s y n t h e s i s ,  moreover, energy must be 
de l ivered  t o  t h e  system i n  t h e  form of adenosine t r iphosphor ic  a c i d  (ATP) synthe- 
s i z e d  i n  t h e  mitochondria.  

P r o t e i n  s y n t h e s i s  probably proceeds as  fol lows.  F i r s t ,  t h e  aminu a c i d ,  
a c t i v a t e d  by r e a c t i o n  with ATP, forms aminoacyladenylate. Ef fec tua t ion  of t h i s  
s t a g e  r e q u i r e s  t h e  presence of an enzyme, and apparent ly  d i f f e r e n t  enzymes are 
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required f o r  d i f f e r e n t  amino ac ids .  
remains f i x e d  t o  t h e  a c t i v a t i n g  enzyme, i s  then t r a n s f e r r e d  t o  t h e  S-RNA. Af te r  
t h a t ,  every p a r t i c l e  represent ing  a complex of S-RNA p lus  a c t i v a t e d  amino ac id  
i s  bound t o  a s p e c i f i c  l o c a t i o n  on the mat r ix  m-RNA on t h e  ribosome. 
a c i d s  are thus  gathered i n t o  t h e  polypept ide chain i n  a d e f i n i t e  order  depending 
on t h e  arrangement of t h e  mononucleotide r a d i c a l s  i n  t h e  polynucleot ide m-RNA 
chain. Thus, i n  p r i n c i p l e ,  a c e r t a i n  mononucleotide t r i p l e t  i n  t h e  m-RNA chain 
corresponds t o  a c e r t a i n  amino a c i d  (or ,  more p r e c i s e l y ,  t o  i t s  complex with 
S-RNA). For example, guanine, u r a c i l ,  adenine (GUA) correspond t o  a s p a r t i c  
ac id ;  cy tos ine ,  cy tos ine ,  guanine (CCG) correspond t o  a lan ine ;  u r a c i l ,  u r a c i l ,  
u r a c i l  (WV) correspond t o  phenylalanine,  etc. (Ref. 2 2 ) .  

The aminoacyladenylate, which apparent ly  

The amino 

palp- 1 keparat ion 
Amino S-RNA 

P r o t e i n  
chain 

AI Ai A3 & 
--c+Q-G+ 

Chain 

Ribosome a c i d  complex 

m-RNA 

Figure 24 .  Diagram of P r o t e i n  Synthesis  (According t o  
A. Rich).  

It is  q u i t e  clear t h a t  t h i s  type of except iona l ly  complex and r e f i n e d  
protein-synthesizing apparatus  i n  advanced organisms could have formed only as 
t h e  r e s u l t  of a very prolonged evolut ion of pre-exis t ing systems, whose s t a b i l i t y  
w a s  o r i g i n a l l y  c h i e f l y  dynamic i n  n a t u r e  and depended on t h e  c o r r e l a t i o n  be- 
tween t h e  metabol ic  r e a c t i o n s  taking p lace  t h e r e i n  and i n t e r a c t i o n  with t h e  
e x t e r n a l  medium. The development of a three-dimensional "molecular-matrix'' /148 
apparatus  w a s  a supplementary s u p e r s t r u c t u r e  r a i s i n g  t h i s  most anc ien t  form of 
organiza t ion  t o  an unprecedented new height  of p e r f e c t i o n  i n  t h e  c o r r e l a t i o n  of 
chemical processes  and i n  t h e  refinement of system self-reproduct ion,  bu t  i n  
p r i n c i p l e  t h i s  s u p e r s t r u c t u r e  maintained t h e  previous dynamically s t a b l e  n a t u r e  
of t h e  l i v i n g  beings thus  formed. 
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B. Commoner (Ref. 23) c o r r e c t l y  caut ions a g a i n s t  t o o  g r e a t  enthusiasm f o r  
t h e  mat r ix  concept of self-reproducing RNA, and p o i n t s  ou t  t h a t  i n  r e l a t i o n  t o  
b i o l o g i c a l  systems t h i s  would i n e v i t a b l y  l e a d  t o  preformation. 
organisms, w e  must n o t  e n t i r e l y  reduce t h e  whole s p e c i f i c  n a t u r e  of p r o t e i n  
s y n t h e s i s  t o  only s p a t i a l  organizat ion of macromolecules, t o  mat r ix  copying. 
An important p a r t  i n  t h i s  process i s  a l s o  played by t h e  k i n e t i c  p r o p e r t i e s  of 
t h e  r e a c t i n g  systems, not  merely t h e  s t r u c t u r e  of t h e  i n i t i a l  molecules. This i s  
a l l  t h e  more t r u e  of systems preceding t h e  appearance of l i f e .  Therefore,  t h e  
genes is  of r igorous ly  ordered polynucleot ide chains ,  s p a t i a l  matrices f o r  p r o t e i n  
s y n t h e s i s ,  w a s  by no means t h e  i n i t i a l  po in t  of depar ture  i n  preb io logica l  
evolu t ion ,  b u t ,  on t h e  cont ra ry ,  was i t s  h ighes t  f i n i s h i n g  s t a g e .  

Even i n  advanced 
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Figure 25. Ribosomes from B a c t e r i a l  C e l l .  X 300.000 

A. Rich has  r e c e n t l y  given a very i n t e r e s t i n g  o u t l i n e  of t h i s  s o r t  of 
evolut ion i n  h i s  a r t ic le  summarizing t h i s  ques t ion  (Ref. 24). However, Rich 
imagines t h i s  evolu t ion  as proceeding i n  i t s  e n t i r e t y  only on t h e  molecular 
level,  as a process of gradual  complication and order ing  of t h e  intramolecular  
s t r u c t u r e  of polynucleot ides  and polypept ides  on t h e  b a s i s  of t h e i r  n a t u r a l  
s e l e c t i o n  outs ide  of any i n t e g r a l  systems. 

I n  c o n t r a s t  t o  t h i s ,  i t  s e e m s  t o  us t h a t ,  f i r s t ,  t h e  i n t e r a c t i o n  of poly- 
pept ides  and polynucleot ides  of t h e  "primary broth" having an ordered s t r u c t u r e  
would n e c e s s a r i l y  have had t o  l e a d  t o  t h e  formation of i n d i v i d u a l  multimolecular 
systems (coacervates and protobions) .  Secondly, i t  w a s  no t  i n d i v i d u a l  molecular/l50 
s t r u c t u r e s  which w e r e  subjected t o  n a t u r a l  s e l e c t i o n ,  b u t  p r e c i s e l y  these  ind i -  
v i d u a l  dynamic systems, depending on t h e  a b i l i t y  of t h e i r  p r i m i t i v e  metabolism 
t o  adapt t o  t h e  problem of t h e  preserva t ion  and growth of t h e  system under given 

114 



environmental condi t ions.  

From a l l  t h a t  has  been set f o r t h ,  w e  could (of course,  very hypothe t ica l ly)  
mark out  c e r t a i n  success ive  s t a g e s  i n  t h e  p r e b i o l o g i c a l  evolut ion of t h e  protein-  
synthesizing apparatus  i n  t h e  very f i r s t  s t a g e  of t h i s  evolut ion.  The nucleo- 
t i d e  monomers which w e r e  dissolved i n  t h e  "primary broth" gathered i n t o  poly- 
nuc leo t ide  chains  of o r d e r l e s s  cons t ruc t ion ,  ab iogenica l ly  independent of any 
c a t a l y t i c  a c t i o n  of p r o t e i n - l i k e  substances.  Rich, taking advantage of A. 
Kornberg's experiments on AT-copolymer s y n t h e s i s  wi th  no inocula t ion ,  as w e l l  
as t h e  f ind ings  on t h e  s e p a r a t i o n  of polymers of t h i s  type from c e r t a i n  organ- 
i s m s  (Ref. 25), enunciates  t h e  very i n t e r e s t i n g  hypothesis  t h a t  t h e  s t r u c t u r e  
of t h e  primary nuc leo t ides  could have been f a r  more monotonous than i n  modem 
n u c l e i c  acids .  Thus, f o r  example, t h e  primary polynucleot ides  could have con- 
ta ined  only two complementary bases  -- adenine and thymine -- which are cumpara- 
t i v e l y  e a s i l y  produced under abiogenic condi t ions.  S imi la r ly ,  t h e  polypeptides 
of disordered s t r u c t u r e  which w e r e  ab iogenica l ly  synthesized simultaneously 
with,  but  q u i t e  independently of , polynucleot ides  i n  t h e  "primary broth" could 
a l s o  have been more monotonous. The reason f o r  t h i s  could,  i n  p a r t i c u l a r ,  have 
been t h e  f a c t  t h a t  n o t  a l l  t h e  twenty amino-acids of t h e  present-day p r o t e i n  
molecule w e r e  n e c e s s a r i l y  formed abiogenica l ly  under t h e  e f f e c t  of u l t r a v i o l e t  
l i g h t  o r  e lectr ical  discharges i n  t h e  atmosphere. 

A s  t h e  above-mentioned experiments i n  our labora tory  have shown, however, 
molecules even of t h i s  s o r t  of very p r i m i t i v e  polymers of monotonous and d is -  
ordered s t r u c t u r e  i n  amino ac ids  and mononucleotides, when they w e r e  simultan- 
eously synthesized i n  a common s o l u t i o n  and reached a c e r t a i n  s i z e ,  by n e c e s s i t y  
combined i n t o  multimolecular swarms and separa ted  from s o l u t i o n  i n  t h e  form of 
coacervate  d r o p l e t s .  The formation of t h e s e  systems w a s  of g r e a t  a s s i s t a n c e  i n  
acce lera t ing  polymerization, but  wi th in  t h e  d r o p l e t s  t h i s  polymerization of 
p r i m i t i v e  pept ides  and nuc leo t ides  could t a k e  p l a c e  e n t i r e l y  independently from 
each o ther .  A t  f i r s t  they cont r ibu ted  t o  polymerizat ion,  and then it  was 
e n t i r e l y  determined by che combined energy r e a c t i o n s  a r i s i n g  i n  t h e  d r o p l e t s  and 
protobions.  The r a t e  of t h e s e  reac t ions  i n  t h e  system depended on t h e  e n t r y  of 
p r i m i t i v e  c a t a l y s t s  and coenzymes i n t o  i t ,  while  t h e  amino-acid polymers could /151 
p lay  only an i n s i g n i f i c a n t  and f o r t u i t o u s  p a r t .  Likewise, t h e  r o l e  of p r i m i t i v e  
polynucleot ide copying w a s  a l s o  s m a l l .  

I n  t h e  second s t a g e ,  t h e  s i g n i f i c a n c e  of t h e  i n t e r a c t i o n  of t h e  d i v e r s e  
polymeric molecules gradual ly  becoming more complicated began t o  manifest  it- 
s e l f .  Even i n  modem organisms w e  can d e t e c t  s y n t h e s i s  of polypeptides and 
s p e c i a l i z e d  p r o t e i n s  having a comparatively very s imple chemical s t r u c t u r e ,  out-  
s i d e  t h e  ribosomal-matrix apparatus  , but  with o b l i g a t o r y  nucleophosphate p a r t i c i -  
pat ion.  

I n  s e v e r a l  microorganisms w e  have thus ,  f o r  example, e s t a b l i s h e d  a poly- 
pept ide  s y n t h e s i s  proceeding along t h e  p a t t e m  of nucleoside- t r iphosphate  + 
amino ac ids  -+ nucleoside-diphosphate + pept ide  + orthophosphate. For each of 
t h e  f o u r  nucleot ide- t r iphosphates  (ATP, GTP, CTP, and UTP) t h e r e  i s  a c e r t a i n  
group of amino a c i d s  which i t  can a c t i v a t e  (Ref. 26) .  Polypeptide s t r u c t u r e  i s  
thus  i n  a c e r t a i n  measure determined by t h e  n a t u r e  of t h e  nucleoside-triphosphate 
p a r t i c i p a t i n g  i n  t h e  r e a c t i o n .  
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I f ,  i n  a system l i k e  our protobion, t h e  nuc leo t ide  p a r t i c i p a t i n g  i n  polymer 
formation has  r i b o s e  i n  i t s  composition, then t h e  3' -  and 5'- hydroxyl groups 
are u t i l i z e d  i n  t h e  polymerizat ion process ,  b u t  t h e  t h i r d  group i n  t h e  2 '  p o s i t i o n  
remains f r e e  and through an  e t h e r  bond can a t t a c h  i t s e l f  t o  t h e  amino a c i d  
corresponding t o  t h i s  nuc leo t ide .  
i s  r i g h t  at  t h i s  s t a g e  t h a t  t h e  system begins t o  organize i t s e l f  i n  which poly- 
merizat ion of t h e  n u c l e i c  a c i d  molecule proves t o  b e  bound t o  t h e  'assemblage' 
of a c e r t a i n  sequence of amino ac ids .  Only a f t e r  t h e  amino a c i d s  have been 
gathered i n t o  a l i n e a r  sequence, due t o  attachment t o  adjacent  nuc leo t ides ,  can 
they be polymerized." 
quence i n  t h e  polynucleot ide could t o  a c e r t a i n  degree determine a c e r t a i n  order  
of amino-acid r a d i c a l  arrangement i n  t h e  synthesized polypeptide.  

"It may b e  assumed,'' w r i t e s  Rich, " tha t  i t  

It is  t h e r e f o r e  easy t o  understand how t h e  monomer se- 

It i s ,  however, r i g h t  h e r e  t h a t  t h e  fundamental d i f f i c u l t i e s  a l s o  begin 
f o r  t h e  hypothesis  which considers  t h e  whole phenomenon on t h e  molecular level. 
I n  t h i s  case i t  is  necessary t h a t  t h e  polypept ide thus  synthesized i n  t u r n  e f f e c t  
polynucleot ide s y n t h e s i s  and b e  t h e  s p e c i f i c  c a t a l y s t  of t h i s  process.  
i n  so  doing would i t  have c e r t a i n  advantages wi th  r e s p e c t  t o  preb io logica l  
s e l e c t i o n .  I n  contemporary organisms, t h i s  a c t u a l l y  takes  p lace ,  but  under t h e  
condi t ions of t h e  simple s o l u t i o n  of t h e  "primary broth" t h i s  s o r t  of adapta t ion  
i s  extremely improbable and seems t o  b e  an except iona l  "happy chance". 
p l e t e l y  d i f f e r e n t  r e l a t i o n s h i p s  are e s t a b l i s h e d  i f  w e  s c r u t i n i z e  a l l  t h e  
phenomena i n  t h e  i n t e g r a l  dynamic system -- i n  t h e  growing and mult iplying 
protobion. I n  t h i s  case,  t h e  combination of amino-acid r a d i c a l s  a r i s i n g  under 
nuc leo t ide  inf luence  w a s  a l s o  d i r e c t l y  t o  i n f l u e n c e  nuc leo t ide  polymerization, 
but  t h i s  combination -- i n  t h e  same fash ion  as t h e  coenzymes en ter ing  t h e  given 
protobion o r  synthesized i n  it -- catalyzed var ious  r e a c t i o n s  occurring i n  t h e  
protobion. I f  a c c e l e r a t i o n  of a given r e a c t i o n  i n  conjunct ion with o ther  pro- 
cesses i n  t h e  protobion w a s  favorable  t o  t h e  protobion 's  ex is tence ,  t h e  protobion 
obtained an advantage over o t h e r  s i m i l a r  systems i n  r a p i d i t y  of growth and mult i -  
p l i c a t i o n .  

Only 

Com- 
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I n  t h e  oppos i te  case, i f  t h e  amino-acid order  which a r o s e  w a s  devoid of 
u s e f u l  c a t a l y t i c  a c t i v i t y  f o r  t h e  protobion, o r  i f  t h i s  a c t i v i t y  reduced t h e  
dynamic s t a b i l i t y  of t h e  system, t h i s  amino-acid combination disappeared under 
t h e  a c t i o n  of n a t u r a l  s e l e c t i o n  toge ther  with t h e  system which produced it .  

Therefore,  it w a s  n o t  t h e  var ious polynucleot ides  capable of reproduct ion 
-- o r  even t h e  polypept ides  generated under polynucleot ide inf luence  and endowed 
with a c e r t a i n  sequence of amino-acid r a d i c a l s  -- which w e r e  exposed t o  s e l e c t i o n  
proper,  but  i n t e g r a l  systems, t h e  protobions,  with p r i m i t i v e ,  but  more o r  less 
r e f i n e d  metabolism corresponding o r  no t  corresponding t o  t h e  given condi t ions 
of ex is tence .  The r o l e  of t h e  polynucleot ides  i n  t h i s  case was s p a t i a l l y  t o  
s t rengthen  t h e  cons tan t  s y n t h e s i s  of c a t a l y t i c a l l y  s u i t a b l e  amino-acid combina- 
t i o n s  i n  t h e  growing and mult iplying protobions,  t o  s e r v e  as a s t a b i l i z i n g  
f a c t o r  during t h e i r  evolut ion.  

On t h i s  b a s i s  t h e  simultaneously occurr ing gradual  complication and improve- 
ment of both polynucleot ides  and polypeptides proceeded -- lengthening of t h e i r  
chains ,  en la rg ing  t h e  d i v e r s i t y  of t h e  l i n k s  incorporated i n t o  these  chains ,  and 
e s t a b l i s h i n g  a c e r t a i n  r igorous sequence of arrangement of these  l i n k s  i n  t h e  
polymer chains.  
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Molecules of t h e  pro te in- l ike  polymers as w e l l  as of t h e  polynucleot ides  
c o n t r o l l i n g  t h e i r  s y n t h e s i s ,  became more and more ordered,  more and more adapted 
t o  t h e  func t ions  which they performed i n  t h e  evolving p r e b i o l o g i c a l  and b i o l o g i c a l  
systems. This l a i d  t h e  groundwork f o r  t h e  development of enzymes, whose adapt ion 
t o  t h e i r  c a t a l y t i c  func t ions  cont inua l ly  improved i n  t h e  course of evolut ion.  
A t  t h e  same t i m e ,  polynucleot ides  a l s o  evolved whose complex func t ions  w e r e  sub- 
sequent ly  subjec ted  t o  profound d i f f e r e n t i a t i o n  i n  t h e  process  which represented1153 
t h e  t h i r d  and concluding s t a g e  i n  t h e  refinement of t h e  protein-synthesizing 
apparatus.  

I n  present-day organisms, w e  have two types of n u c l e i c  a c i d s  -- DNA and 
RNA -- with profoundly d i f f e r e n t  func t ions  d e s p i t e  t h e  g r e a t  chemical s i m i -  
l a r i t y  of t h e i r  molecules. Deoxyribo n u c l e i c  ac ids  became f u n c t i o n a l l y  s p e c i a l -  
i zed  i n  t h e  cyc le  of molecular dupl ica t ion .  Due t o  t h e  l a c k  of a hydroxyl group 
a t  t h e  second carbon atom i n  deoxyribose, DNA i s  incapable  of a f f i x i n g  amino 
ac ids  t o  i t s e l f ,  and t h e r e f o r e  cannot d i r e c t l y  p a r t i c i p a t e  i n  p r o t e i n  synthes is .  
However, s i n c e  i t  i s  comparatively very i n e r t  i n  metabol ic  terms, i t  provides 
r e l a t i v e l y  high constancy of self-reproduct ion and t ransmission of t h e  g e n e t i c  
information contained i n  i t s  polynucleot ide chain t o  t h e  r ibonucle ic  a c i d s  by 
means of dupl ica t ion .  The func t ion  of t h e  r ibonucle ic  ac ids  d i r e c t l y  involves  
p r o t e i n  s y n t h e s i s ,  and t h e  establ ishment  of a r igorous ly  determinate  arrangement 
of amino-acid r a d i c a l s  i n  t h e i r  molecules. 

It must b e  noted,  however, t h a t  t h i s  f u n c t i o n a l  s p e c i a l i z a t i o n  of RNA i s  
not  absolute .  I n  p r i n c i p l e ,  RNA can c a r r y  g e n e t i c  information,  as occurs ,  f o r  
example, i n  t h e  case of RNA-containing v i r u s e s .  

There i s  t h e r e f o r e  reason t o  assume t h a t  t h e  i n i t i a l  forms of t h e  n u c l e i c  
ac ids  w e r e  RNA-like polymers capable both of s t o r i n g  and t r a n s m i t t i n g  h e r e d i t a r y  
information and of organizing t h e  amino-acid sequence i n  p r o t e i n  synthes is .  
D i s t r i b u t i o n  of t h e s e  func t ions  between t h e  two n u c l e i c  a c i d s  -- t h e  less 
metabol ica l ly  active of which s p e c i a l i z e d  i n  self-reproduct ion,  and t h e  o t h e r  
i n  d i r e c t  p a r t i c i p a t i o n  i n  p r o t e i n  synthes is  -- i s  a very  progress ive  s t e p  i n  
t h e  process of evolu t ion ,  and t h e r e f o r e  w a s  re inforced  by n a t u r a l  s e l e c t i o n  
(Ref. 2 7 ) .  

It is  understandable t h a t  modem protein-synthesizing systems and t h e  
enzymatic p r o t e i n s  r e s u l t i n g  from t h e i r  a c t i o n  are t h e  end r e s u l t  of complex 
competit ion between many d i f f e r e n t  systems beginning a t  a very e a r l y  s t a g e  i n  
t h e  development of l i f e .  It is  p a r t i c u l a r l y  necessary t o  understand c l e a r l y  
t h a t ,  between t h e  o r i g i n a l  polypept ides  of low c a t a l y t i c  a c t i o n  and t h e  very  
i d e a l l y  constructed modern enzymes, no fewer -- and perhaps considerably more -- 
organiza t iona l  v a r i a n t s  w e r e  t e s t e d  and r e j e c t e d  during protobion evolu t ion  
than,  f o r  example, between t h e  shark ' s  f i n  and human hand. The overwhelming 
number of c a t a l y t i c  v a r i a n t s  which a rose  i n  t h e  process  of evolu t ion  w a s  
destroyed by n a t u r a l  s e l e c t i o n .  Therefore,  from modern organisms w e  now ex- 
t ract  only enzymes which are very re f ined  i n  s t r u c t u r e ,  although when s tudying 
t h e  problem more c l o s e l y  w e  can even today n o t e  a c e r t a i n  evolu t ion  of t h e s e  
c a t a l y s t s  (Ref. 28) .  

I154 

This p e r t a i n s  t o  an even g r e a t e r  e x t e n t  t o  t h e  evolut ionary development of 
t h e  combination of i n d i v i d u a l  enzymatic r e a c t i o n s  i n  t h e  t o t a l  o rganiza t ion  of 
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metabolism and t o  t h e  gradual  formation of three-dimensional macrostructures  i n  
contemporary l i v i n g  beings e x i s t i n g  a t  d i f f e r e n t  s t a g e s  of evolut ionary develop- 
ment. The b a s i c  p r i n c i p l e s  of t h i s  organiza t ion  i n  space and time w e r e  l a i d  
down as f a r  back as t h e  process  of gradual  protobion development, and they are 
t h e r e f o r e  common t o  a l l  l i v i n g  beings.  

L a t e r  on, however, t h e  evolut ionary development of t h e  most p r i m i t i v e  
organisms which a r o s e  on t h i s  base proceeded along d i f f e r e n t  pa ths ,  and w e  may 
form a concept of t h i s  development, and consequently of i t s  sources ,  on t h e  
b a s i s  of t h e  enormous f a c t u a l  m a t e r i a l  which has  now been amassed by modern 
comparative biochemistry . 
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V L  SUBSEQUENT EVOLUTION OF PRIMARY ORGANISMS /156 

The chemical h i s t o r y  of t h e  development of l i f e  on Earth could have been 
terminated by t h e  formation of t h e  primary organisms. Thereaf te r ,  m a t t e r  
entered a new b i o l o g i c a l  s t a g e  of development, and t h e r e  began t h e  evolu t ion  of 
l i v i n g  be-i-ngs from t h e  most p r i m i t i v e  organisms t o  contemporary h ighly  organized 
p l a n t s  and animals. 

An a t t e n t i v e  s tudy  of t h i s  purely b i o l o g i c a l  evolu t ion ,  however, can g i v e  
us very much t o  h e l p  us  understand t h e  very o r i g i n  of l i f e ,  i t s  i n i t i a l  forma- 
t i o n .  
intermediate  l i n k s  -- t h e  most p r i m i t i v e  imperfect forms of t h e  organiza t ion  of 
l i v i n g  m a t t e r  -- have long ago been destroyed,  swept from t h e  f a c e  of t h e  Earth 
by n a t u r a l  s e l e c t i o n ,  and have apparent ly  not  even l e f t  behind r e l i a b l e  f o s s i l  
t r a c e s .  Nevertheless ,  t h e s e  traces have been preserved i n  t h e  organiza t ion  of 
t h e  protoplasm. 

W e  are unable t o  observe t h i s  process  d i r e c t l y  i n  na ture  s i n c e  a l l  i t s  

of c r e a t u r e s  contemporary with us.  

"Among a l l  n a t u r a l  systems," w r i t e s  E.  Zuckercandle and L. Pauling (Ref. l ) ,  
"only l i v i n g  mat te r  i s  d is t inguished  by t h e  f a c t  t h a t ,  i n  s p i t e  of t h e  very sub- 
s t a n t i a l  t ransformations i t  has  undergone, it r e t a i n s  t h e  g r e a t e s t  amount of 
information r e f l e c t i n g  i t s  h i s t o r y  w r i t t e n  i n  i t s  organizat ion."  

Therefore,  by s tudying t h i s  organiza t ion  w e  may der ive  c e r t a i n  o b j e c t i v e  
d a t a  on t h e  very earliest forms of t h e  e x i s t e n c e  of l i f e  on Earth.  The s tudy  
of metabolism i n  p a r t i c u l a r ,  t h a t  r e g u l a r  sequence of biochemical processes  
which under l ies  t h e  organiza t ion  of everything alive, provides us wi th  a g r e a t  
d e a l  i n  t h i s  r e s p e c t  (Ref. 2 ) .  The p r i m i t i v e  forms of metabolism, and t h e  
d e f i n i t e  p a t t e r n s  followed by t h e  combination of oxidoreduction, conjugat ion,  
and polymerization r e a c t i o n s  w e r e  a l ready  inherent  i n  t h e  most primary organisms, 
but  during b i o l o g i c a l  evolu t ion  they w e r e  cont inua l ly  supplemented with new 
l i n k s  i n  metabolism and new i n t e r n a l  chemical mechanisms -- c a t a l y s t s ,  coenzymes, 
polynucleot ides ,  enzymes, supramolecular s t r u c t u r e s ,  etc. -- s t i p u l a t i n g  t h e s e  
l i n k s .  
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This enabled t h e  newly-formed l i v i n g  c r e a t u r e s  t o  u t i l i z e  more advantage- 
ously t h e  ever broader  circles of t h e  sources  of matter and energy necessary t o  
l i f e ,  t o  depend less and less on t h e  composition of t h e  surrounding medium, and 
less and less t o  run t h e  r i s k  of a n n i h i l a t i o n  when t h a t  composition changed i n  
a p a r t i c u l a r  way. 

Modem comparative biochemical research f u l l y  demonstrates (Ref. 3)  t h a t  
t h e  new biochemical r e a c t i o n s  and t h e i r  combinations a r i s i n g  during evolu t ion  
by no means always completely replaced previous metabol ic  l i n k s ,  bu t  -- merely 
supplementing them -- they w e r e  seemingly a d d i t i o n a l  "superstructures"  on o l d e r  
forms of metabolism. 

W e  can t h e r e f o r e  r a t h e r  c l e a r l y  br ing  these forms t o  l i g h t  by studying 
metabolism i n  present-day organisms and at tempting t o  determine t h e  t r a i t s  of 
s i m i l a r i t y  i n  t h e  vast v a r i e t y  of modem metabol ic  systems, t h e  organiza t iona l  
traits most common t o  a l l  l i v i n g  beings without except ion (Ref. 4 ) .  

A s  t h e  anatomist ,  s tudying and comparing the organic  s t r u c t u r e  of i n d i v i d u a l  
animals,  reproduces t h e  p i c t u r e  of t h e i r  evolu t iona l  development and permits us  
t o  look i n t o  t h e i r  d i s t a n t  p a s t ,  so a l s o  t h e  biochemist ,  by comparative s tudy of 
metabolism i n  d i f f e r e n t  organisms may approach t h e  very well-springs of l i f e  and 
understand t h e  most p r i m i t i v e  forms of t h e  organiza t ion  of l i f e .  

I n  such an approach, t h e  following two c a r d i n a l  assumptions a r e  c l e a r l y  
apparent:  (1) t h e  metabolism of a l l  present-day l i v i n g  c r e a t u r e s  is based on t h e  
form of organiza t ion  which i s  adapted t o  t h e  constant  u t i l i z a t i o n  of f in i shed  
organic  compounds as t h e  i n i t i a l  s t r u c t u r a l  material f o r  b iosynthes is  of p r o t e i n s ,  
n u c l e i c  ac ids  and t h e  o t h e r  component p a r t s  of protoplasm, and a s  t h e  d i r e c t  

spec ies  now populating our  p lane t  can, i n  genera l ,  exist only when they are con- 
t inuously suppl ied wi th  f i n i s h e d  organic  substances from t h e i r  environment. This 
includes a l l  t h e  h igher  and lower animals, including a l s o  most Protozoa, t h e  
enormous major i ty  of b a c t e r i a ,  and a l l  spec ies  of fungi .  J u s t  t h i s  f a c t  alone 
i s  e x t r a o r d i n a r i l y  i n d i c a t i v e ,  but  a l s o  t h e  same r e a c t i o n  l i n k s  and t h e  same 
chemical mechanisms as in t h e  o t h e r  -- hetero t rophic  -- l i v i n g  c r e a t u r e s  underly 
t h e  metabolism of green p l a n t s  and o ther  au to t rophic  organisms which have al- 
ready per fec ted  i n  themselves t h e  c a p a b i l i t y  of synthes iz ing  organic  substances 
from CO , water, and minera l  salts .  Autotrophic mechanisms appear i n  t h e  organ- 
i s m s  eniowed with them only i n  t h e  form of a supplementary s u p e r s t r u c t u r e  on t h i s  
underlying base. 
engaged from metabolism, and never the less  t h e  organisms w i l l  no t  p e r i s h ,  bu t  
w i l l  merely change t o  feeding e n t i r e l y  on exogenic organic  substances (Ref. 5 ) .  

source of energy f o r  t h e s e  biosyntheses.  The vast m a j o r i t y  of b i o l o g i c a l  /158 

Therefore,  under c e r t a i n  condi t ions  they  can e a s i l y  be d is -  

This maybe demonstrated with p a r t i c u l a r  s i m p l i c i t y  by t h e  example of t h e  
poorly organized photoautotrophs -- a l g a e  -- both under n a t u r a l  condi t ions and 
i n  t h e  labora tory .  Experiments of t h i s  s o r t  long ago e s t a b l i s h e d  t h e  f a c t  t h a t  
when organic  substances w e r e  introduced i n t o  s ter i le  a l g a e  c u l t u r e s  t h e  a lgae  
d i r e c t l y  ass imi la ted  t h e s e  substances.  This a s s i m i l a t i o n  may take place p a r a l l e l  
t o  t h e  process of photosynthesis ,  but  i n  some cases photosynthesis  may b e  com- 
p l e t e l y  disconnected, and t h e  a l g a e  may be t r a n s f e r r e d  e n t i r e l y  t o  a saprophyt ic  
form of l i f e  (Ref. 6 ) .  
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Many spec ies  of blue-green and o t h e r  a lgae  apparent ly  even under n a t u r a l  
condi t ions use t h e  organic  substances of contaminated b a s i n s  of water t o  feed 
themselves d i r e c t l y .  This i s  graphica l ly  ind ica ted  by t h e  very f a c t  t h a t  they 
develop with p a r t i c u l a r  luxuriance i n  sewage and i n  o t h e r  s i m i l a r  l o c a t i o n s  r i c h  
i n  organic  substances.  

W e  may a l s o  f i n d  h e t e r o t r o p h i c  bases of a l imenta t ion  i n  t h e  h igher  p l a n t s ,  
al though i n  them t h e  photosynthet ic  apparatus  has a l ready  reached t h e  apex of 
i t s  development. The h igher  p l a n t s ,  however, possess t h i s  apparatus  only i n  
t h e i r  chlorophyll-carrying cel ls ,  b u t  a l l  t h e  remaining c o l o r l e s s  t i s s u e s  con- 
s t r u c t  t h e i r  metabolism around t h e  use of organic  substances coming t o  them from 
t h e  photosynthesizing organs,  as i s  usua l  f o r  a l l  o t h e r  l i v i n g  beings.  Leaves, 
i n  p a r t i c u l a r ,  a l s o  change t o  t h e  same s o r t  of metabolism when they  are deprived 
of l i g h t .  

This s i t u a t i o n  s o l i d l y  corroborates  t h e  ideas  on t h e  development of t h e  
o r i g i n a l  l i v i n g  beings,  as w e  have presented them i n  t h e  foregoing chapters .  
Assimilat ion of organic  substances dissolved i n  t h e  surrounding aqueous medium 
and conversion of them i n t o  component p a r t s  of t h e  e n t i r e  body i s ,  of course,  
a p e r f e c t l y  necessary i n i t i a l  form of metabolism i n  a l l  p r i m i t i v e  organisms. 
It was borrowed by them from t h e  protobions themselves,. which w e r e  capable of 
incorporat ing organic  substances of t h e  "primary broth" i n t o  themselves. Sub- 
sequent evolu t ion  w a s  a t  f i r s t  reduced t o  s e l e c t i o n  of t h e  organiza t iona l  forms 
which permit ted f a s t e r  and b e t t e r  a s s i m i l a t i o n  of t h e s e  substances.  

I 1 5 9  

(2) I n  a l l  contemporary organisms, t h e i r  biochemical systems which d e r i v e  
t h e  energy necessary f o r  l i f e  from organic  substances a r e  based on remarkably 
s i m i l a r  mechanisms of anaerobic  decomposition of t h e s e  substances.  W e  may 
e a s i l y  a s c e r t a i n  t h i s  by thoroughly studying t h e  biochemical processes  of metab- 
olism i n  a l l  present-day organisms, both higher  and lower. 

Most of t h e s e  organisms, t o  b e  s u r e ,  a r e  now a b s o l u t e  (obl iga te )  aerobes,  
and only a very l i m i t e d  number of modern p r i m i t i v e  b i o l o g i c a l  spec ies  can long 
e x i s t  without f r e e  oxygen o r  even do not  need t h i s  gas a t  a l l ,  leading an ex- 
c l u s i v e l y  anaerobic mode of l i f e .  Such a s i t u a t i o n  i s  q u i t e  understandable f o r  
t h e  modern e r a .  Respi ra t ion  i s  an incomparably more e f f i c i e n t  energy process 
than i s  anaerobic metabolism. Therefore,  a s  soon as f r e e  oxygen appeared i n  t h e  
t e r r e s t r i a l  atmosphere,organisms i n  t h e  process of evolut ionary advancement had 
t o  adapt themselves ex tens ive ly  t o  t h e  aerobic  mode of l i f e .  
markable, however, t h a t  t h e  energy-producing metabolism of a l l  advanced aerobes 
i s  based on t h e  same r e a c t i o n  chains  consuming f r e e  O2 as t h a t  of p r i m i t i v e  

anaerobes. The r e a c t i o n s  of ox ida t ion  wi th  gaseous oxygen which are s p e c i f i c  
t o  aerobes merely supplement t h i s  anaerobic mechanism which i s  absolu te ly  uni- 
v e r s a l  t o  everything alive.  I n  c o n t r a s t  t o  t h i s  anaerobic mechanism, t h e  oxi- 
d a t i o n a l  "superstructures"  are f a r  from being universa l .  I n  t h e  d i v e r s e  groups 
of present-day organisms, they d i f f e r  s u b s t a n t i a l l y  among themselves. Thus, f o r  
example, t h e  polyphenoloxidases c h a r a c t e r i s t i c  of t h e  h igher  p l a n t s  are lacking 
i n  t h e  r e s p i r a t o r y  mechanisms of animals, where t h e i r  own te rmina l  oxidizing 
enzymes are i n  operat ion.  

It is very  re- 

W e  t h e r e f o r e  see t h a t  combinations of anaerobic r e a c t i o n s  l i e  a t  t h e  root  
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of t h e  whole "trunk of t h e  tree of l i f e " ,  while  the r e s p i r a t o r y  mechanisms be- 
came a r t i c u l a t e d  wi th  them la te r  when t h i s  "trunk" divided i n t o  i n d i v i d u a l  
"branches", i n t o  i n d i v i d u a l  groups of more h ighly  organized l i v i n g  beings.  
of t h e s e  groups then solved t h e  problem of u t i l i z i n g  t h e  f r e e  oxygen which 
o r i g i n a t e d  a t  a c e r t a i n  per iod i n  t h e  Ear th ' s  ex is tence  by t h e i r  own methods 
s p e c i f i c  t o  t h e  problem (Ref. 7) .  I160 

Each 

These f ind ings  of evolutional-biochemical a n a l y s i s  are perhaps one of t h e  
most convincing proofs  t h a t  l i f e  o r i g i n a t e d  under t h e  condi t ions  of t h e  reducing 
atmosphere and hydrosphere,  s i n c e  -- i f  w e  assumed t h a t  t h i s  event had occurred 
i n  t h e  presence of f r e e  oxygen -- t h e  a c t u a l  r e l a t i o n s h i p s  between anaerobic 
and aerobic  metabol ic  mechanisms i n  organisms now l i v i n g  would b e  completely 
incomprehensible. I n  e x a c t l y  t h i s  way, t h e  above-cited d a t a  on t h e  he te ro t rophic  
bases of a l imenta t ion  a l s o  convince us t h a t  organic  substances i n  t h e  e x t e r n a l  
medium surrounding t h e  organisms, substances which w e r e  ab iogenica l ly  generated 
o r  brought t o  Ear th ,  served as t h e  i n i t i a l  source of energy and bui ld ing  mater i -  
a ls  f o r  t h e  o r i g i n a l  l i v i n g  beings.  

Hence evolutional-biochemical research  on organisms now l i v i n g  t o  a c e r t a i n  
degree permits  us t o  form a concept of t h e  organiza t iona l  p r i n c i p l e s  of t h e  
o r i g i n a l - l i v i n g  beings which long ago disappeared from t h e  f a c e  of t h e  Earth 
and which, of course,  possessed f a r  more p r i m i t i v e  metabolism than any modern 
microbes, and i n  t h i s  respec t  s i g n i f i c a n t l y  approached our hypothe t ica l  proto- 
bions.  Like t h e s e  protobions,  t h e  primary organisms w e r e  he te ro t rophs  and ana- 
erobes,  bu t  they constructed t h e i r  c a t a l y t i c  apparatus  on t h e  b a s i s  of s e q u e n t i a l  
order ing of t h e  in t ramolecular  s t r u c t u r e  of polypept ides  and polynucleot ides  
capable of reproduct ion,  which w e r e  respons ib le  f o r  e s t a b l i s h i n g  a c a t a l y t i c a l l y  
advantageous arrangement of t h e  amino-acid r a d i c a l s  i n  subsequent p r o t e i n  syn- 
t h e s i s  and i n  t h e  process  of organism growth and m u l t i p l i c a t i o n .  The se t  of 
enzymes which w a s  cont inua l ly  r e f i n i n g  i t s e l f  on t h i s  b a s i s  permit ted t h e  or ig-  
i n a l  organisms possessing them t o  combine a g r e a t e r  number of l i n k s  i n  t h e i r  
metabolism and t o  create long chains of wel l - in te rcor re la ted  r e a c t i o n s ,  which 
made t h e  u t i l i z a t i o n  of substances from t h e  environment considerably more e f f i -  
c i e n t  and favored more r a p i d  growth and m u l t i p l i c a t i o n .  

I n  modern h e t e r o t r o p h i c  organisms which have t r a v e l e d  a long road of develop- 
ment, w e  f i n d  an organiza t iona l  form of c o n s t r u c t i v e  metabolism i n  which t h e  
i n i t i a l  substances f o r  s y n t h e s i s  of a l l  t h e  complex i n g r e d i e n t s  of t h e  proto- 
plasm a r e  very s imple,  low-molecular compounds, such as ammonia, acetic a c i d ,  
g lycocol l ,  s u c c i n i c  a c i d ,  ke tonic  a c i d s ,  etc. (Ref. 8).  These substances are 
generated as fragments of n u t r i e n t  sources  which have come i n  from t h e  e x t e r n a l  
medium and a r e  being broken down i n  d e s t r u c t i v e  metabolism. Therefore,  i n  
modem metabolism t h e  cons t ruc t ive  and d e s t r u c t i v e  a s p e c t s  of metabolism are 

u n i f i e d  process.  
interconnected i n  t h e  most i n i t m a t e  way and c o n s t i t u t e  only two s i d e s  of a /161 

This s o r t  of metabol ic  organiza t ion ,  however, r e q u i r e s  a very complex, 
multi-membered system of r e a c t i o n s  where t h e  immense number of i n d i v i d u a l  chem- 
ica l  acts are c o n t i n u a l l y c o r r e l a t e d  with each o t h e r  i n  t i m e  i n  an except iona l ly  
p r e c i s e  and r igorous  manner. 
s o r t  of multi-membered system t h a t  t h e  progress ive  evolu t ion  of t h e  o r i g i n a l  
organisms proceeded. 

It w a s  toward development and refinement of t h i s  
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The combinations of oxidoreduct ive r e a c t i o n s ,  conjugation, and polymeriza- 
t i o n  inherent  i n  them i n  t h e  course of f u r t h e r  evolu t ion  cont inua l ly  w e r e  supple- 
mented and complicated by new r e a c t i o n s  and t h e i r  combinations. I n  modem organ- 
i s m s ,  w e  t h e r e f o r e  d e t e c t  t h e  o r i g i n a l  s implest  r e a c t i o n s  only as t h e  component 
elements of t h e  t o t a l  metabol ic  system, only as i n d i v i d u a l ,  al though very impor- 
t a n t ,  l i n k s  i n  long r e a c t i o n  chains  and cyc les .  

Various carbohydrates e n t e r i n g  t h e  organism from t h e  environment o r  
synthesized by t h e  organism i t s e l f  serve as t h e  p r i n c i p a l  source of carbon n u t r i -  
ment and the b a s i s  of energy-producing metabolism f o r  t h e  v a s t  major i ty  of con- 
temporary organisms. It i s  d i f f i c u l t  t o  say  whether it w a s  p r e c i s e l y  t h i s  form 
of metabolism which l a y  a t  t h e  very b a s i s  of t h e  y e t  unbranched t runk  of t h e  
"tree of l i f e " ,  o r  whether i t  w a s  only a very e a r l y  and major branch of i t .  

A c e r t a i n  doubt as t o  t h e  primary n a t u r e  of t h e  monopoly exercised by 
carbon n u t r i t i o n  i s  induced i n  p a r t i c u l a r  by metabol ic  research  i n  a number of 
microorganisms i s o l a t e d  from t h e  s o i l s  of p e t r o l i f e r o u s  regions (Ref. 9 ) .  These 
l i v i n g  beings are incapable  of a s s i m i l a t i n g  sugar ,  and t h e  hydrocarbons of 
petroleum and t h e i r  c l o s e s t  d e r i v a t i v e s ,  ?.e. ,  l i k e  p a r a f f i n s ,  phenols,  to luene ,  
s a l i c y l i c  a c i d ,  and s o  on are t h e i r  s o l e  source of carbon and energy. There 
a r e ,  unfor tuna te ly ,  no absolu te ly  v a l i d  d a t a  which would permit us t o  s ta te  
conf ident ly  whether t h e s e  organisms are some of fshoots  of t h e  " c e n t r a l  t r u n k  of 
t h e  tree of l i f e "  which have come d i r e c t l y  down t o  us ,  o r  whether t h e i r  unique 
form of metabolism w a s  secondary i n  o r i g i n .  In e i t h e r  case i t  i s  very s i g n i f i -  
cant  t h a t  inherent  i n  them a l s o  are t h e  b a s i c  hydrogen carriers i n  t h e  reduction- 
oxida t ion  r e a c t i o n s  and t h e  rrconjugating" energy-producing mechanisms common t o  
t h e  whole animate world (Ref. 10). 

But, however t h a t  may have been, w e  may s t i l l  assume t h a t  t h e  main branch 
of t h e  "tree of l i f e " ,  which during t h e  f u r t h e r  evolu t ion  of l i f e  w a s  almost 
nionopolist ic i n  i t s  development, w a s  t h e  carbon branch of energy-producing 
metabolism. It i s  obvious t h a t  even a t  t h e  very base of t h i s  branch a c e r t a i n  

chemical conversions inherent  i n  a l l ,  even t h e  most p r i m i t i v e ,  organisms now 
l i v i n g  which could b e  discovered,  s o  t o  speak, a t  a l l  depths of b i o l o g i c a l  
evolut ion (even t h e  most profound),  t o  which only our modem comparative-bio- 
chemical sounding l i n e  can descend. This i s  t h e  chain of r e a c t i o n s  transforming 
glucose i n t o  pyruvate which i s  depicted i n  Figure 26. It c o n s i s t s  of t e n  main 
r e a c t i o n s  whose v e l o c i t i e s  are s o  i n t e r c o r r e l a t e d  t h a t  they r e p l a c e  each o t h e r  
i n  a s t r i c t l y  determinate  sequence. 

very complex combination of r e a c t i o n s  took shape -- a mul t i l inked  chain of /162 

The ch ief  p o s i t i o n  i n  t h i s  chain i s  occupied by t h e  hydrogen t r a n s f e r  and 
accumulation" of energy which i s  accomplished with t h e  p a r t i c i p a t i o n  of NAD 

and ATD -- processes with which w e  are a l ready  f a m i l i a r  from our s imula t ion  
experiments with coacervates .  But i n  c o n t r a s t  t o  our models and protobions,  
t h e s e  b a s i c  chain l i n k s  i n  organisms (even t h e  most pr imi t ive)  are supplemented 
with new r e a c t i o n s  pr imar i ly  connected with t h e  very  important prepara t ion  of 
t h e  s u b s t r a t e  f o r  i t s  reduction-oxidation t ransformation.  This prepara t ion  
l e a d s ,  on t h e  one hand, t o  r a i s i n g  t h e  sugar molecule t o  a h igher  energy level, 
which i s  achieved by phosphorylating t h e  sugar  by means of ATP, and, on t h e  
o t h e r  hand, t o  decomposing t h e  p a r t i c l e  of hexosodiphosphate thus  produced i n t o  
two molecules of t r iosophosphate .  Such a complication of t h e  chain i s  an 
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appreciable  s t e p  forward along t h e  road toward making energy-producing metabolism 
more e f f i c i e n t .  It i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  very anc ien t  sequence i n  
the conversion of m a t t e r ,  which under l ies  b i o l o g i c a l  metabolism, does n o t  r e q u i r e  
apy supramolecular s p a t i a l  o rganiza t ion ,  any protoplasmic s t r u c t u r e s  t o  br ing  i t  
about,  bu t  may a l s o  be simply e f f e c t u a t e d  i n  a homogeneous s o l u t i o n  whose proto- 
type is t h e  succus saccharomyceticus expressed as far back as Buchner". 

Therefore,  t h e  metabol ic  organiza t ion  is h e r e  c h i e f l y  based on c o r r e l a t i o n  
i n  t i m e  of t h e  i n d i v i d u a l  r e a c t i o n s  comprising t h e  chain,  although t h e  p r e c i s e  
c o r r e l a t i o n  of t h e i r  rates needed f o r  t h i s  r e q u i r e s  t h a t  advanced and s p e c i f i c  
c a t a l y s t s  -- as only enzymes could b e  -- are necessary t o  do t h i s .  

This chain of r e a c t i o n s  leading t o  t h e  t ransformation of glucose i n t o  
pyruvate apparent ly  possessed a very high b i o l o g i c a l  refinement because, a f t e r  
forming a t  s t i l l  comparatively e a r l y  s t a g e s  of l i f e  (perhaps about two b i l l i o n  
years  ago) ,  i t  has passed through t h e  whole evolu t ion  of l i v i n g  mat te r  and has  
maintained i t s e l f  n o t  only i n  p r i m i t i v e  microbes,  bu t  a l s o  i n  t h e  metabolism 
of contemporary h igher  p l a n t s  and animals. 

I n  t h e s e  two branches of l i v i n g  na ture ,  which are so f a r  removed from each 
o t h e r ,  w e  can observe only t h e  b i f u r c a t i o n  of t h e  f u r t h e r  t ransformations of 
pyruvate.  

h o l i c  fermentat ion) ,  bu t  i n  animals i t  is  reduced t o  l a c t a t e  (by a type of 
l a c t i c - a c i d  fermentation) . 

I n  p l a n t s  it can decompose i n t o  CO and a lcohol  (by a type o,f a lco-  /164 2 

These two types of anaerobic  carbohydrate decomposition a r e  t h e  most 
common, and among many modern microorganisms they  are t h e  highroads i n  t h e  
evolut ionary development of d e s t r u c t i v e  metabolism. But i n  t h e  p a s t ,  of course,  
o t h e r  v a r i a n t s  must a l s o  have a r i s e n ,  many of which w e r e  e n t i r e l y  r e j e c t e d  and 
destroyed by n a t u r a l  s e l e c t i o n , .  and o t h e r s  w e r e  preserved u n t i l  today a s  d e l i c a t e  
of fshoots  from t h e  main branches of t h e  "tree of l i f e " .  I n  a c t u a l  f a c t ,  w e  a r e  
now discovering a l a r g e  number of d iverse  types  of anaerobic  fermentat ion,  bu t  
each of these  types i s  proper only t o  a very r e s t r i c t e d  group of lower organisms. 
Moreover, t h e  d i f f e r e n c e  begins only with t h e  pyruvate ,  but  t h e  formation of 
pyruvate always proceeds along t h e  one u n i v e r s a l  path f o r  everything a l i v e  
(Figure 2 7 ) .  

An examination of t h i s  diagram demonstrates t h a t ,  depending on t h e  type of 
fermentat ion,  o t h e r  d i v e r s e  fermentation products ,  p a r t i c u l a r l y  formic,  a c e t i c ,  
propionic ,  s u c c i n i c ,  b u t y r i c ,  and o ther  h igher  f a t t y  a c i d s ;  e t h y l ,  propyl ,  and 
b u t y l  a lcohols ;  acetylmethylcarbinol ,  acetone, gaseous hydrogen, etc.  may a l s o  
form i n  addi t ion  t o  a lcohol ,  C02, and l a c t i c  ac id .  It i s  c h a r a c t e r i s t i c  t h a t  
t h i s  d i v e r s i t y  i s  achieved by incorporat ing a very small  number of "supplementary" 
reac t ions  and by cont inua l ly  using almost t h e  same c a t a l y t i c  mechanisms. The 
whole mat te r  reduces t o  varying t h e  d i f f e r e n t  combinations of almost always t h e  
same indiv idua l  chemical events .  

Of course,  n e i t h e r  t h e  a lcohol ,  l a c t i c - a c i d ,  nor o t h e r  anaerobic fermenta- 
t i o n s  which w e  have given can be regarded merely as i s o l a t e d  d e s t r u c t i v e  processes .  

k T r a n s l a t o r ' s N o t e :  (1860-1917). 
_ .  
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Figure 26. Diagram of Alcohol and Lactic-Acid Fermentation 
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They are a l l  most i n t i m a t e l y  connected with t h e  s y n t h e t i c  r e a c t i o n s  of con- 
s t r u c t i v e  metabolism, supplying energy and immediate s t r u c t u r a l  material t o  them. 
Thus, f o r  example, pyruvic  a c i d ,  which occupies a key p o s i t i o n  i n  a l l  types of 
fermentation, may e a s i l y  be converted i n t o  one of t h e  most important amino a c i d s  
-- a l a n i n e  -- due t o  ammonia and hydrogen t r a n s f e r r e d  by a pyr id ine  nuc leo t ide  
i n  accord wi th  t h e  equat ion 

Pyruvate + ammonia + NAD2H = Alanine + NAD -t H20. 2 

The same th ing  may be s a i d  a l s o  of o t h e r  ke tonic  ac ids .  The molecular 
fragments r e s u l t i n g  as in te rmedia te  products of fermentat ion can be condensed 
i n t o  long open chains ,  i n t o  aromatic o r  h e t e r o c y c l i c  molecules a c t i n g  a s  l i n k s  
f o r  t h e  formation of b i o l o g i c a l l y  important polymers. 

/166 

Thus, t h e  b e t t e r  t h e  i n d i v i d u a l  r e a c t i o n s  i n  a given type of metabolism are 
i n t e r c o r r e l a t e d  i n  time, t h e  smaller t h e  q u a n t i t y  of energy t h a t  i s  d i s s i p a t e d ,  
t h e  g r e a t e r  t h e  percentage of consumable n u t r i e n t  substances t h a t  goes t o  con- 
s t r u c t  t h e  i n g r e d i e n t s  of t h e  system, and t h e  more advanced b i o l o g i c a l l y  and 
more promising i n  evolut ionary terms t h e  system u l t i m a t e l y  proves t o  be. 

The i n t e r r e l a t e d  metabol ic  paths  t h a t  w e  have c i t e d ,  however, were of 
course not  t h e  only p o s s i b l e  r e a c t i o n  systems under t h e  reducing condi t ions of 
t h e  atmosphere and hydrosphere of t h e  per iod i n  t h e  development of t e r r e s t r i a l  
l i f e  which w e  a r e  analyzing. I n  contemporary organisms,we may a l s o  discover  o ther  
a l t e r n a t e  routes  f o r  anaerobic conversions of organic  substances.  H. Krebs and H. 
Kornberg (Ref. 11) b e l i e v e  t h a t  one of these  routes  w a s  t h e  peptosophosphatic / I 6 7  
cycle ,  t h e  diagram of which, borrowed from t h e i r  book, w e  g ive  i n  Figure 28. 

I n  c o n t r a s t  t o  t h e  above-described forms of fermentat ion,  no decomposition 
of a molecule of phosphorylated sugar  i n t o  two molecules of t r iosophosphate  takes  
p lace  i n  t h i s  process ,  but  immediately a f t e r  t h e  formation of glucoso-6-phosphate 
i t  i s  subjected t o  anaerobic oxida t ion ,  and CO 

luconic  a c i d  thus produced, with t h e  r e s u l t  t h a t  phosphoderivatives of pentoses 
come i n t o  being. Ribose i n  p a r t i c u l a r ,  which i s  very important i n  t h e  bui ld ing  
of nuc leo t ides  and n u c l e i c  a c i d s ,  i s  formed i n  t h i s  fashion.  

i s  detached from t h e  phosphog- 2 

The pentosophosphate cyc le  i s  a f a r  less universa l  form of carbohydrate 
metabolism than alcohol  o r  l a c t i c - a c i d  fermentation. 
i s m s  i s  t h i s  cyc le  t h e  p r i n c i p a l  method of carbohydrate s p l i t t i n g ;  i n  most of 
them it merely supplements t h e  ordinary forms of fermentation. Moreover, a s  
experiments with tagged glucose show, only a small  p a r t  of t h e  sugar i s  s p l i t  
by t h e  pentosophosphate cycle ,  and apparent ly  i t s  chief  r o l e  i s  t o  form r ibose .  

Only i n  a few microorgan- 

It may be assumed t h a t  t h e  pentosophosphate cyc le  had a l ready  a r i s e n  a f t e r  
t h e  b a s i c  types of fermentation w e r e  organized. 
and Kornberg w r i t e  on t h i s  s u b j e c t ,  " t h a t  t h e  most anc ien t  organisms d id  not  
need i t .  These organisms could have used t h e  pentoses which w e r e  abundantly 
present  i n  t h e i r  environment. Only when t h e  pentose content  dropped subs tan t i -  
a l l y  d i d  t h e  pentosophosphate cyc le  become organized i n  t h e  organisms' metab- 
olism." The f a c t  t h a t  i t  w a s  formed later i s  a l s o  ind ica ted  by t h e  f a c t  t h a t  
t h e  cyc le ,  along with several reac t ions  which have been newly produced, a l s o  
includes t h e  b a s i c  fermentat ion r e a c t i o n s .  A t  t h e  same t i m e ,  i t  i s  very important 

126  *Note: NAD des igna tes  nicotine-amide-adenine-dinucleotide. 

"It i s  very probable," Krebs 
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Figure 28. Diagram of t h e  Pentosophosphate Cycle 

f o r  t h e  following d iscuss ion  t o  note  t h a t  r e a c t i o n s  possessing outs tanding s i g -  
n i f i c a n c e  i n  photosynthesis  processes  appear i n  t h e  pentosophosphate cycle .  

The numerous forms of metabolism which we have c i t e d  c h a r a c t e r i z e  t h e  
v a r i e t y  of paths  t r a v e l e d  by t h e  evolu t ion  of organisms even i n  t h e  absence of 
f r e e  oxygen i n  t h e  environment, bu t  i n  t h e  presence of f i n i s h e d  organic  sub- 
s t a n c e s ,  i . e . ,  under anaerobic  and he tero t rophic  condi t ions .  

The s t o r e  of organic  compounds contained i n  t h e  "primary n u t r i e n t  broth",  
however, must have diminished as l i f e  developed, although i t  was a l s o  being 
replenished by endogenic geologica l  processes 'and m e t e o r i t e s  and comets f a l l i n g  
t o  Earth.  This l e n t  an  ex t raord inary  a c e r b i t y  t o  t h e  s t r u g g l e  f o r  ex is tence  
and was a powerful new f a c t o r  i n  the  f u r t h e r  evolu t ion  of organisms. A s  these  
organisms developed, metabol ic  systems began t o  come i n t o  being,  which allowed 
both more e f f i c i e n t  a s s i m i l a t i o n  of t h e  organic  substances of t h e  "primary 
broth' '  and u t i l i z a t i o n  of o t h e r  s impler  and s impler  forms of carbon n u t r i t i o n  
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and free-energy sources  of wider and wider d i s t r i b u t i o n  i n  t h e  environment. 

The e a r l y  processes  involving l i b e r a t i o n  and f u r t h e r  u t i l i z a t i o n  of energy 
w e r e  p r i n c i p a l l y  made up of dehydration and condensation r e a c t i o n s ,  f i r s t  
catalyzed by p r i m i t i v e  c a t a l y s t s  and la ter  a l s o  by enzymes. The o r i g i n a l  organ- 
i s m s  used t h e  surrounding medium, which w a s  r i c h  i n  organic  compounds wi th  re- 
ducing p r o p e r t i e s ,  f o r  combining dehydration with t h e  l i b e r a t i o n  and u t i l i z a t i o n  
of energy. As a r e s u l t ,  t h e  surrounding medium gradual ly  became more and more 
oxidized,  and i t s  i n v e r s e  reduct ion  could t a k e  p lace  only with expendi ture  of 
energy coming from without .  An inexhaus t ib le  source of such energy w a s ,  and 
now i s ,  s o l a r  r a d i a t i o n .  

On t h e  s t i l l  l i f e l e s s  Earth with i t s  p r e a c t u a l i s t i c  reduct ive  atmosphere, 
organic  substances w e r e  photochemically transformed c h i e f l y  by shortwave u l t r a -  
v i o l e t - l i g h t  energy. U l t r a v i o l e t  l i g h t  carries a g r e a t  s t o r e  of energy i n  each 
of i t s  quanta. This same source  of energy could a l s o  e a s i l y  have been used by 
t h e  p r i m i t i v e  organisms i n  t h e  f i r s t  per iods of t h e i r  ex is tence .  But t h e  gradual  
enrichment of t h e  atmosphere with even s m a l l  amounts of f r e e  oxygen r e s u l t e d  i n  
formation of an ozone screen  i n  i t  which cons tan t ly  bar red  shortwave rays  from 
access  t o  t h e  terrestrial  sur face .  Therefore,  t h e  subsequent development of 
l i f e  employed longer-wave r a d i a t i o n ,  s i n c e  t h i s  r a d i a t i o n  remained a c c e s s i b l e  
t o  organisms even i n  t h e  t r a n s i t i o n a l  era of t h e  E a r t h ' s  ex is tence .  

The u t i l i z a t i o n  of t h e  quanta of v i s i b l e  l i g h t  with less energy, however, 
demanded a very complex i n t e r n a l  organiza t ion  which could only gradual ly  come 
i n t o  being and only on a comparatively high level of t h e  development of l i f e .  

It i s  known t h a t  t h e  energy of v i s i b l e  l i g h t  may be used f o r  e f f e c t i n g  a 
number of reducing-oxidation processes i n  t h e  presence of organic  dyes capable of 
absorbing t h i s  l i g h t .  A. Terenin s t a t e s  (Ref. 1 2 )  t h a t  t h e  dye molecule which 
has absorbed l i g h t  acqui res  a high r e a c t i v e  capaci ty  enabl ing it  t o  accept  o r  
d e l i v e r  an e l e c t r o n  (or hydrogen) and thus t o  br ing  about even such reducing- 
oxidizing processes  which cannot take p lace  i n  t h e  dark by themselves with no 
a d d i t i o n  of l i g h t  energy. The porphyrins i n  p a r t i c u l a r  a r e  a b l e  t o  play t h e  
p a r t  of t h i s  dye i n  organisms. 

Porphyrins,  whose molecule i s  based on a r i n g  formed of four  p y r r o l e  com- 
ponents,  apparent ly  o r i g i n a t e d  during t h e  evolu t ion  of organic  substances a t  a 
somewhat h igher  s t a g e  than,  f o r  example, adenine o r  f lavone d e r i v a t i v e s .  A s  
t h e  i n v e s t i g a t i o n s  of A .  Krasnovskiy (Ref. 13) and A. Szutka (Ref. 14) have in- 
d ica ted ,  t h e  s y n t h e s i s  of porphyrins r e q u i r e s  f r e e  oxygen. Therefore,  they 
could have a r i s e n  only i n  t h e  t r a n s i t i o n  per iod when t h e  terrestrial  atmosphere 
began t o  be enriched by 0 molecules. 
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This s i t u a t i o n  i s  i n t e r e s t i n g  t o  compare wi th  t h e  f a c t  t h a t  t h e  enormous 
major i ty  of modem anaerobes i s  devoid of porphyrins,  while  t h e i r  needed hydro- 
gen t r a n s f e r  i s  provided by f l a v i n  enzymes. I n  aerobes,  on the o t h e r  hand, t h e  
porphyrins p lay  an outs tanding r o l e  i n  t h e  r e s p i r a t o r y  process  and are t h e  b a s i c  
l i n k s  i n  t h e  aerobes'  e l e c t r o n - t r a n s f e r  chain (Ref. 15) .  

Of e s p e c i a l l y  g r e a t  importance i n  t h i s  respec t  are the ferroporphyrins ,  a 
well-known r e p r e s e n t a t i v e  of which i s  t h e  red pigment of t h e b l o o d  -- hemin. 
The b i o l o g i c a l  func t ion  of t h e  ferroporphyrins  ( e l e c t r o n  t r a n s f e r  i n  reducing- 
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oxidizing reac t ions)  i s  s u c c e s s f u l l y  accomplished under darkness condi t ions  
with no l i g h t  ( R e f .  1 6 ) .  Here t h e  important proper ty  of porphyrins with respec t  
t o  t h e i r  c o l o r a t i o n  -- t h e  capac i ty  t o  absorb l i g h t  -- i s  consequently s t i l l  
u n u t i l i z e d .  

I n  c o n t r a s t  t o  t h e  ferroporphyrins ,  however, t h e  metal-free porphyrins,  and 
i n  p a r t i c u l a r  t h e i r  magnesium complexes, without possessing t h e  p r o p e r t i e s  of 
ord inary  darkness c a t a l y s t s ,  are capable of p h o t o c a t a l y t i c  ac t ion .  The work of 
A. Krasnovskiy (Ref. 1 7 )  and h i s  c o l l a b o r a t o r s  has  demonstrated t h a t  t h e  magnes- 
ium complexes of porphyrins -- bacter iochlorophyl l  and t h e  chlorophyl l  of h igher  
p l a n t s  -- as w e l l  as t h e  metal-free porphyrins ( l i k e  hematoporphyrin, f o r  exam- 
p le )  have t h e  capac i ty  f o r  i n v e r s e  reduct ion (acceptance of an e l e c t r o n  o r  
hydrogen) merely by absorbing t h e  proper quantum of l i g h t .  This p h o t o c a t a l y t i c  
t r a n s f e r  of an e l e c t r o n  o r  hydrogen, u n l i k e  t h e  darkness c a t a l y t i c  processes ,  
r e s u l t s  i n  an i n c r e a s e  of t h e  energy level of t h e  photoreact ion products -- i t ,  
so t o  speak, " lays  away i n  s torage" p a r t  of t h e  absorbed l i g h t  energy i n  a very 
mobile, e a s i l y  usable  form (Ref. 18). 

I n  t h e  i n i t i a l  per iod of l i f e ,  when the organic  compounds o r i g i n a l l y  pro- 
duced w e r e  abundant i n  t h e  e x t e r n a l  medium, v i s i b l e  l i g h t  could not  have been 
of d e c i s i v e  importance f o r  organisms. 
substances w e r e  exhausted,  as t h e  short-supply of them i n  t h e  surrounding solu-/170 
t i o n  increased,  a g r e a t e r  and g r e a t e r  advantage i n  t h e  s t r u g g l e  f o r  l i f e  f e l l  
t o  t h e  l o t  of t h e  organisms which could u t i l i z e  t h e  porphyrins formed wi th in  
them as photoca ta lys t s .  
supplementary source of energy. This p r i n c i p a l l y  enabled t h e  o r i g i n a l  colored 
organisms t o  make t h e i r  h e t e r o t r o p h i c  metabolism much more e f f i c i e n t  by making 
f a r  more economical use of exogenic organic  substances,  without having recourse 
t o  appreciable  r e s t r u c t u r i n g  of a l l  t h e i r  previous organizat ion.  

However, as t h e  f i n i s h e d  exogenic organic  

They thus  w e r e  a b l e  t o  u t i l i z e  v i s i b l e  l i g h t  as a 

Ordinary he te ro t rophs  must convert  a considerable  percentage of t h e  organic  
substances which they d e r i v e  from t h e i r  environment i n t o  wastes which are no 
longer  usable  -- a lcohol ,  organic  a c i d s ,  etc.  

The o r i g i n a l  colored organisms, on t h e  o t h e r  hand, took advantage of t h e  

i n e f f i c i e n t  expendi ture  of exogenic organic  substances.  The i n i t i a l  sense  of 
photochemical r e a c t i o n s  is found t o  c o n s i s t  j u s t  i n  t h i s ,  and not  i n  primary 
s y n t h e s i s  of organic  substances (Ref. 19 ) .  

g r a t i s "  energy of v i s i b l e  l i g h t  f o r  t h i s  conversion, and t h i s  f r e e d  them from I t  

This may b e  seen from t h e  example of a s tudy of metabolism i n  present-day 
pigmented b a c t e r i a ,  i n  p a r t i c u l a r  t h e  Athiorhodaceae (Ref. 20). Externa l ly ,  as 

regards t h e  t o t a l  balance,  metabolism i n  these b a c t e r i a  i s  of t h e  ordinary 
he te ro t rophic  type.  They develop w e l l  i n  l i g h t  under anaerobic  condi t ions i n  
s o l u t i o n s  which must conta in  organic  substances (e .g . ,  b u t y r i c  ac id  o r  o t h e r  
appropr ia te  compounds). 
organic  substances i n  t h e  surrounding medium correspondingly diminishes,  while  
a t  t h e  same t i m e  t h e  b a c t e r i a  g ive  o f €  a small  q u a n t i t y  of carbon dioxide gas  
i n t o  t h e  e x t e r n a l  atmosphere. 

A s  t h e  b a c t e r i a l  biomass grows, t h e  q u a n t i t y  of exogenic 

Their  i n t e r n a l  biochemical mechanisms are, however, s u b s t a n t i a l l y  more 
complicated. 
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t h e  atmosphere. By using the e leva ted  energy of t h e  pigments which have absorbed 
l i g h t ,  t h e  Athiorhodaceae h e r e  e f f e c t  p h o t o c a t a l y t i c  t r a n s f e r  of hydrogen, re- 
ducing t h e  CO and oxidizing t h e  exogenic organic  substances.  Therefore,  t h e  

formation of u n u t i l i z a b l e  wastes, which i s  a n e c e s s i t y  i n  o t h e r  he te ro t rophs ,  
does not  occur i n  them. 
organic  substances almost completely (90% o r  more) f o r  bu i ld ing  t h e i r  biomass, 
while i n  ordinary (aphot ic)  he te ro t rophs  t h e  unusable w a s t e s  consume t h e  l i o n ' s  
share  of t h e  n u t r i e n t  materials (Ref. 21 ) .  

2 

I n  t h e  l i g h t ,  t h e  Athiorhodaceae u t i l i z e  exogenic 

Other pigmented b a c t e r i a  c a r r y  out  t h e i r  metabolism by t h e  same system as 
do t h e  Athiorhodaceae, but  t h e  hydrogen source  (donor) f o r  reducirg CO i n  t h e s e  

b a c t e r i a  i s  hydrogen s u l f i d e ,  no t  organic  materials. 
by t h e  very i n t e r e s t i n g  i n v e s t i g a t i o n s  by C. ?an N i e l  on purple  and green s u l f u r  
b a c t e r i a  (Thiorhodaceae3 i n h a b i t i n g  shallow ocean i n l e t s  and lagoons r i c h  i n  
hydrogen s u l f i d e  which are w e l l  i l lumina ted  by t h e  Sun (Ref. 22).  

2 
This has  been demonstrated/l71 

All t h e s e  p r i m i t i v e  pigmented organisms possess t h e  type of mechanisms 
which make p o s s i b l e  i n v e r s e  photochemical t r a n s f e r  of hydrogen o r  an e l e c t r o n  
by t h e  energy of absorbed l i g h t .  But a l l  of them can use only t h e  most access- 
i b l e  substances as t h e  o r i g i n a l  hydrogen source -- as, f o r  example, organic  
compounds, hydrogen s u l f i d e ,  molecular hydrogen, etc. (Ref. 23).  

The progress ive  evolu t ion  of photosynthesizing organisms w a s  d i r e c t e d  
toward producing mechanisms which would al low them t o  u t i l i z e  a wider and wider 
range of substances as hydrogen donors. 

This course of development i n e v i t a b l y  r e s u l t e d  i n  incorpora t ion  of t h e  
most " d i f f i c u l t "  -- but  a l s o  t h e  most "prevalent" -- hydrogen donor, water ,  in-  
t o  t h e  photosynthesis  r e a c t i o n .  I n  this process ,  t h e  oxygen of t h e  w a t e r  had t o  
be l i b e r a t e d  i n  molecular form (Ref. 2 4 ) .  

Some modern organisms are i n t e r e s t i n g  i n  t h a t  i n  t h e i r  metabolism they 
have s t i l l  preserved f e a t u r e s  of a more p r i m i t i v e  organiza t ion  of photosynthet ic  
processes ,  bu t  they can s e p a r a t e  the molecular oxygen of w a t e r .  They are a 
seemingly in te rmedia te  l i n k  between t h e  o r i g i n a l  photosynthesizing organisms 
and t h e  highly-organized photoautotrophs.  

One such organism i n  p a r t i c u l a r  is t h e  green a l g a  Scenedesmus, whose metab- 
olism has  been thoroughly s t u d i e d  i n  t h i s  respec t  by H. Gaffron (Ref. 25).  

There i s  no doubt, however, t h a t  t h e  highroad of autotrophy development 
w a s  photosynthesis  i n  t h e  form i n  which w e  nowadays see i t  i n  t h e  h igher  p l a n t s .  
U t i l i z a t i o n  of w a t e r  as t h e  hydrogen donor by photosynthesizing organisms w a s  
a tremendous forward s t e p  i n  t h e  development of biochemical systems which 
combine t h e  photostage of t h e  process  w i t h  t h e  r e a c t i o n  cyc les  lead ing  t o  grad- 
u a l  CO reduct ion  and formation of molecular oxygen. 2 

But prolonged evolu t ion  of a l ready  r a t h e r  h ighly  developed organisms with 
a l a r g e  armory of d i v e r s e  metabol ic  mechanisms w a s  requi red  f o r  t h i s  t o  happen 
(Ref. 26).  This i s  s u b s t a n t i a t e d  by a knowledge of t h e  photosynthet ic  apparatus  
of contemporary p l a n t s .  It is  except iona l ly  complex and, d e s p i t e  much research ,  
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is s t i l l  f a r  from completely understood (Ref. 27). 

For g r e a t e r  graphic  c l a r i t y  i n  our p r e s e n t a t i o n ,  w e  w i l l  make t h e  follow- 
ing  comparison, which, of course,  i s  as always extremely t e n t a t i v e .  A s  an 
i l l u s t r a t i o n ,  let  us t a k e  any complex system performing c e r t a i n  work -- l e t  us 
say ,  an automobile engine. The engine 's  work depends n o t  on ly  on i t s  p r i n c i p a l  
p a r t ,  t h e  cy l inder  block,  bu t  a l s o  on a number of a u x i l i a r y  mechanisms, some of 
which are complete assemblies with t h e i r  s p e c i f i c  t a s k s  -- prepara t ion  and 
d e l i v e r y  of t h e  f u e l  mixture ,  production of high-voltage cur ren t  t o  i g n i t e  t h i s  
mixture ,  cool ing,  l u b r i c a t i o n ,  t ransmission of motion, changing speed, e t c .  
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An important f a c t o r  i n  f a i l u r e - f r e e  engine opera t ion  i s  n o t  only good func- 
t ion ing  of each of t h e s e  u n i t s ,  but  a l s o  a high degree of c o r r e l a t i o n  between 
them, both i n  space and t i m e  -- t h e  timing: t h e  spark  from t h e  spark plug must 
f l a s h  a t  a r igorous ly  determined p o s i t i o n  of t h e  p i s t o n  i n  t h e  cy l inder ;  t h e  
mixture must a r r i v e  a t  t h e  proper i n s t a n t ,  and so  on. 

S imi la r ly ,  i n  t h e  photosynthesizing apparatus  of p l a n t s  w e  a l s o  have n o t  
only a c e r t a i n  chain of chemical t ransformations,  bu t  a series of biochemical 
r e a c t i o n  cyc les ,  whole sets of c a t a l y t i c  and photochemical systems. Only when 
they are h i g h l y  coordinated,  when they continuously i n t e r a c t ,  can a r e l i a b l e  
e f f e c t  b e  produced. This i s  a t t a i n e d  not  merely from a s t r i c t l y  determinate 
combination of i n d i v i d u a l  r e a c t i o n s  i n  t i m e ,  but  a l s o  from t h e i r  s p a t i a l  l o c a l -  
i z a t i o n ,  t h e  presence of a c e r t a i n  s t r u c t u r e  i n  t h e  photosynthesizing apparatus .  

I n  c o n t r a s t  t o  anaerobic  fermentat ion,  (e .g . ,  a lcohol  fermentation) photo- 
s y n t h e s i s  cannot be simply reproduced under homogeneous condi t ions.  It r e q u i r e s  
a d e f i n i t e  three-dimensional organizat ion.  The need f o r  t h i s  organiza t ion  has  
r i s e n  t o  a p a r t i c u l a r  h e i g h t  p r e c i s e l y  because w a t e r  i s  used as t h e  hydrogen 
donor, and molecular oxygen i s  re leased  i n  t h i s  process .  I n  a process of t h i s  
type,  only s e p a r a t e  placement of t h e  i n i t i a l  uns tab le  photosynthet ic  products 
i n  heterogeneous s t r u c t u r e s  can prevent t h e  probable reversal of t h e  r e a c t i o n  
which i s  thermodynamically more probable.  Pigments are d i f f u s e l y  d i s t r i b u t e d  
i n  t h e  protoplasm o r  concentrated i n  the s u r f a c e  membrane of pigmented b a c t e r i a  
which accomplish photosynthesis  under anaerobic condi t ions  without forming f r e e  
oxygen. I n  c o n t r a s t ,  t h e  h ighes t  form of photosynthesis  became poss ib le  only 
when s p e c i f i c ,  complexly organized s t r u c t u r a l  apparatus  -- p l a s t i d s  -- w e r e  
formed during p l a n t  evolu t ion .  Electron-microscopic s tudy of p l a s t i d s  i n d i c a t e s  
t h a t  they c o n s i s t  of c o l o r l e s s  stroma i n  which "aphotic" r e a c t i o n s  occur,  and 
of chlorophyll-containing granules  whose b a s i c  s t r u c t u r a l  element is  t h e  pro- 
tein-lipoid membrane. I n  appearance, t h e  granules  are reminiscent of s t a c k s  of 
coins .  They c o n s i s t  of p r o t e i n  lamellae connected by a chlorophyll-containing 
l ipo id  l a y e r  (Figure 29) .  
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Only i n  t h i s  s o r t  of protein-lipoid aggregate  can t h e  i n i t i a l  photochemical 
event of w a t e r - s p l i t t i n g  occur,  but  i n  order  t h a t  photosynthesis  may t a k e  p lace  
completely t h i s  event  must be harmoniously combined with a long series of o t h e r  
processes  based on enzymatic mechanisms o r  even on whole systems and u n i t s .  
Taking advantage c h i e f l y  of M. Calvin's  f ind ings  (Ref. 28) w e  s h a l l  g ive  a very 
s i m p l i f i e d  diagram (Figure 30) of t h e  work of t h e s e  u n i t s ,  each of which can 
b e  descr ibed by t h e  f u n c t i o n s  which i t  performs i n  t h e  t o t a l  process of photo- 
s y n t h e s i s  : 
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Figure 2 9 .  Electron-Microscopic Photograph of Chloroplast 

(1) formation of molecular oxygen, (2) aphotic fixation of C02, (3) re- 
duction of C02 to carbohydrate level, ( 4 )  synthesis of sugars from phosphotriose, 
(5) formation of ‘‘active hydrogen” as the reduced form of pyridine-nucleotide 
(TPN-H2) , * ( 6 )  formation of macroergic bonds (ATP). 
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Light falling on the chlorophylliferous layer of the protein-lipoid aggre- 
gate knocks electrons out of it which go toward pyridine-nucleotide reduction 
(System 5), while the positive charges act on the water to oxidize it (System 
1); the intermediate products of this oxidation are hydrogen peroxides or organic 
peroxides decomposing with the formation of molecular oxygen. The oxygen is 
principally liberated into the atmosphere, but a certain amount of it is used 
in System 6 for oxidative phosphorylation processes. 

On the other hand, in System 2 there is aphotic CO fixation effected 
principally in the same ways and by the same mechanisms (e.g., CoA)., as in all 
other living beings. The processes occurring in System 2 result in phosphoglyc- 
eric acid which is further transformed in Systems 3 and 4 into various sugars. 
In System 3 it is reduced to triosophosphates (glyceraldehyde). However, this 
requires, first, “active hydrogen,” which is delivered here as the reduced 

*In the new terminology, NADP-Hz is an NAD-Hz analog containing not two, but 

2 

. -  

three particles of phosphoric acid. 
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Figure 30. Diagram of I n t e r a c t i o n  of Separate Units i n  Photosynthesis Process 



pyridine-nucleotide (TPN-H2) from System 5,  and, second, an e a s i l y  a v a i l a b l e  

source of energy (ATP) produced by System 6 .  

System 4 f u r t h e r  transforms t h e  tr iosophosphates.  This i s  done e i t h e r  by 
simply condensing them (with concomitant formation of hexosodiphosphate and 
then glucose) o r  by convert ing them i n  a more complex fash ion ,  r e s u l t i n g  i n  t h e  
formation of phosphoric esters of a l l  monosaccharids wi th  4 ,  5, 6 ,  7,  and 10 
carbon atoms which are i n t r i n s i c  t o  t h e  p l a n t  kingdom. I n  p a r t i c u l a r ,  t h e  phos- 
phor ic  ester of pentose i s  formed h e r e  -- r i b u l o s e ,  a substance which, as w e  s a w  
above, i s  a c h a r a c t e r i s t i c  in te rmedia te  product of t h e  pentosophosphate fermenta- 
t i o n  cycle.  Ribulosomonophosphate p lays  a very important r o l e  i n  photosynthesis ,  
s i n c e  a f t e r  a d d i t i o n a l  phosphorylation by ATP i t  e n t e r s  System 4 ,  where i t  serves 
as t h e  primary CO acceptor  during i t s  aphot ic  f i x a t i o n .  2 

A d e t a i l e d  knowledge of t h e  photosynthesis  apparatus  i n  green p l a n t s  shows 
t h a t  a l l  i t s  c a t a l y t i c  mechanisms, and even whole aggregates  of them, represent  /176 
nothing fundamentally new. I n  most cases, w e  a l s o  f i n d  t h e  same o r  s i m i l a r  
mechanisms i n  d i f f e r e n t  c o l o r l e s s  organisms o r  i n  bacteria which photosynthesize.  

Therefore,  even before  t h e  appearance of green p l a n t s ,  before  t h e  develop- 
ment of modern forms of photosynthesis  t h e s e  chemical mechanisms e x i s t e d ,  bu t  
they w e r e  no t  un i ted  i n t o  a s i n g l e  complex sustem. It w a s  j u s t  t h i s  u n i f i c a t i o n  
of pre-exis t ing "mechanisms" which occurred i n  t h e  development of t h e  photo- 
s y n t h e t i c  apparatus.  It could b e  formed during t h e  evolu t ion  of organisms only 
on t h e  foundation of a l ready  e x i s t i n g  systems and r e a c t i o n s .  

The rise of photosynthesis  w a s  an e x t r a o r d i n a r i l y  important s t a g e  i n  t h e  
evolut ionary process  of t h e  organic  world on our p lane t .  It r a d i c a l l y  a l t e r e d  
a l l  previously e x i s t i n g  r e l a t i o n s h i p s  and caused t h e  p r e a c t u a l i s t i c  era i n  t h e  
E a r t h ' s  ex is tence  t o  change i n t o  t h e  a c t u a l i s t i c  era, when f r e e  oxygen began 
t o  accumulate r a p i d l y  i n  t h e  atmosphere. 

For modern anaerobes,  oxygen i s  a harmful gas ,  g r e a t l y  i n h i b i t i n g  t h e i r  
growth and depressing t h e i r  development. The reasons f o r  t h i s  are s t i l l  n o t  
completely clear -- they apparent ly  may vary i n  t h e  d i f f e r e n t  anaerobes. Most 
of them are capable of absorbing atmospheric oxygen, probably because f l a v i n s  -- 
which are t h e  p r i n c i p a l  hydrogen carriers i n  anaerobic oxidoreduction -- are 
auto-oxidizable substances,  compounds capable of d i r e c t  ox ida t ion  by molecular 
oxygen (Ref. 29) .  I n  t h e  absence of f r e e  oxygen, t h i s  has  no s i g n i f i c a n c e  f o r  
anaerobic metabolism. When 0 appears , t h i s  metabolism is  d is turbed ,  perhaps 

because of d e s t r u c t i o n  of t h e  f l a v i n  mechanisms o r  t h e  formation of hydrogen 
peroxide,  which i n  aerobes decomposes t h e  ferroporphyrins  which are lacking i n  
p r i m i t i v e  anaerobes. 

2 

However t h a t  may b e ,  during t h e  per iod t h a t  f r e e  oxygen appeared and grad- 
u a l l y  increased i n  t h e  environment, t h e  s t r u g g l e  began t o  maintain anaerobic  
condi t ions  of l i f e ,  and i n  t h i s  s t r u g g l e  those  organisms survived which somehow 
adapted t o  t h e  advancing change. This w a s  a t t a i n e d  n o t  only by d i r e c t  with- 
drawal from immediate contac t  wi th  t h e  atmosphere, bu t  a l s o  by a gradual  change 
i n  t h e  n a t u r e  of metabolism, which varies i n  t h e  d i v e r s e  r e p r e s e n t a t i v e s  of t h e  
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l i v i n g  world. It is W. MacElroy's opinion ( R e f .  30) i n  p a r t i c u l a r  t h a t  i t  w a s  
on t h e  foundation of t h e  s t r u g g l e  f o r  anaerobic  condi t ions  t h a t  bioluminescence 
o r i g i n a l l y  a r o s e  -- t h e  a b i l i t y  of some organisms t o  e m i t  l i g h t  by themselves -- 
s i n c e  t h i s  w a s  t h e  most e f f e c t i v e  way t o  e l imina te  oxygen from t h e  sphere  of 
anaerobic metabolism. 
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I n  t h i s  t r a n s i t i o n  per iod,  metabolism w a s  a l s o  organized i n  such a unique 
group of organisms as t h e  chemoautotrophs. Right on t h e  b o r d e r l i n e  between re- 
ducing and oxidizing condi t ions ,  t h e  widest  p o s s i b i l i t i e s  w e r e  c rea ted  i n  pr in-  
c i p l e  .for ox ida t ion  of reduced inorganic  compounds of t h e  terrestrial  c r u s t  by 
molecular oxygen. 

I n  t h e  per iod of i n i t i a l  formation of f r e e  oxygen which w e  are examining, 
t h e s e  oxidizing r e a c t i o n s  must have been occurr ing l i t e r a l l y  a t  any poin t  on 
t h e  Ear th ' s  s u r f a c e ,  s i n c e  t h e r e  w e r e  s u b s t r a t e s  everywhere capable of ox ida t ion .  
However, ab iogenica l ly  t h e s e  r e a c t i o n s  proceeded very  slowly, and t h e  energy 
l i b e r a t e d  because of them w a s  l o s t  and s c a t t e r e d  as h e a t .  

Under condi t ions of acute  s c a r c i t y  of exogenic organic  compounds, t h e  
organisms which i n  t h e i r  evolu t iona l  development could incorpora te  t h e s e  r e a c t i o n s  
of inorganic  substance oxida t ion  i n t o  t h e i r  own metabolism, and i n  t h e i r  own 
bodies formed c a t a l y t i c  mechanisms a c c e l e r a t i n g  t h e s e  processes  and mobil iz ing 
t h e i r  energy f o r  biosyntheses ,  acquired g r e a t  advantages i n  t h e  s t r u g g l e  f o r  
ex is tence .  
subsequently began t o  develop ex tens ive ly .  

The advantages w e r e  t h e r e f o r e  re inforced  by n a t u r a l  s e l e c t i o n  and 

Today,we as a r u l e  f i n d  organisms capable of a chemoautotrophic mode of 
l i f e  under n a t u r a l  condi t ions  r i g h t  where reduced substances from t h e  i n t e r i o r ,  
coming t o  t h e  s u r f a c e  of t h e  Earth,  encounter t h e  molecular oxygen of t h e  
atmosphere (Ref. 31). 

Therefore,  t h e  modem r o l e  of chemoautotrophs i n  t h e  cyc le  of m a t t e r  i s  
very g r e a t .  I n  p r a c t i c e ,  under n a t u r a l  condi t ions  a l l  oxida t ion  processes  of 
reduced compounds of n i t rogen  and s u l f u r ,  as w e l l  a s  hydrogen, methane, and 
i r o n  ( i n  p a r t )  involve  t h e  v i t a l  a c t i v i t y  of t h e  corresponding microorganisms 
(Ref. 32) .  The g r e a t  sys temat ic  v a r i a t i o n  of t h e  chemoautograph group and t h e  
closeness  of some of i t s  r e p r e s e n t a t i v e s  t o  d i v e r s e  groups of he te ro t rophs  
whose metabolism i s  more p r i m i t i v e  (with many of t h e  chemoautotrophs being l i n k -  
ed t o  t h e s e  he te ro t rophs  by t r a n s i t i o n a l  organisms) convinces us t h a t  chemoautoz 
trophy took p l a c e  repeatedly.  However, t h e  start of i t s  most l u x u r i a n t  develop- 
ment goes back t o  a t i m e  when t h e r e  w a s  a l ready  a g r e a t  v a r i e t y  of organic  
forms (Ref. 3 3 ) .  

This development w a s  favored by s p e c i f i c  condi t ions  of t h e  per iod which 
w e  are discussing -- p r i n c i p a l l y  t h e  i n s u f f i c i e n c y  of organic  nutriment and 
t h e  g r e a t  s t o r e  of inorganic  energy sources .  
changed t o  oxidizing condi t ions  t h i s  reserve w a s  r a t h e r  r a p i d l y  expended, and 
replenishment of it from t h e  deep l a y e r s  of t h e  Ear th ' s  envelope took p l a c e  
comparatively slowly. On t h e  o t h e r  hand, t h e  balance of organic  substances i n  
t h e  biosphere became more and more p o s i t i v e  because of t h e  formation and rap id  
development of photoautotrophs.  

However, when t h e  Ear th ' s  s u r f a c e  
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This permit ted t h e  m a i n  evolut ionary stream t o  r e t u r n  t o  t h e  o l d  channel 
of t h e  f u r t h e r  aevelopment of organisms adapted t o  feeding on organic  substances.  
The period of an a c u t e  l a c k  of t h e s e  substances was l e f t  behind, and a s m a l l  
group of au to t rophic  organisms capable of chemosynthesis and represent ing only 
la teral  branchings from t h e  main evolut ionary stream w a s  preserved merely as a 
b i o l o g i c a l  memory of i t .  The main channels of t h i s  stream w e r e  now t h e  green 
photoautotrophic  p l a n t s  and t h e  c o l o r l e s s  organisms maintaining t h e  former more 
anc ien t  method of h e t e r o t r o p h i c  n u t r i t i o n .  A f t e r  t h e  rise of photosynthesis ,  
the evolut ion of these  organisms which used f i n i s h e d  organic  substances i n  t h e i r  
v i t a l  processes  now began t o  occur on e n t i r e l y  d i f f e r e n t  biochemical bases .  The 
d e c i s i v e  condi t ion  i n  t h i s  regard w a s  t h e  atmospheric oxygen, t h e  presence o€ 
which made p o s s i b l e  a s u b s t a n t i a l  advance i n  t h e  e f f i c i e n c y  and i n t e n s i t y  with 
which t h e  energy of organic  substances w a s  mobilized. It i s  understandable 
t h a t  t h i s  i n c r e a s e  i n  e f f i c i e n c y  took p l a c e  on t h e  b a s i s  of t h e  same anaerobic  
mechanisms which had earlier supported t h e  energy-producing metabolism of t h e  
anc ien t  heterotrophs.  

During evolu t ion  under t h e  new aerobic  condi t ions ,  however, n a t u r a l  selec- 
t i o n  preserved and re inforced  f o r  f u r t h e r  development p r e c i s e l y  those organisms 
i n  which supplementary enzyme complexes and r e a c t i o n  systems had o r i g i n a t e d ,  
allowing them t o  o b t a i n  f a r  more macroergs than formerly from exogenic organic  
substances by complete oxida t ion  of t h e s e  substances with atmospheric oxygen 
(Ref. 3 4 ) .  

The s o l u t i o n  of t h i s  problem demanded t h a t  two new systems come i n t o  being: 
f i r s t ,  a system f o r  mobil iz ing t h e  hydrogen which under anaerobic condi t ions 
w a s  n o t  used and was given o f f  by t h e  organisms i n  t h e  form of reduced organic  
compounds which w e r e  no longer usable  (ac ids ,  a lcohols ,  e t c . ) ,  o r  even as gas- 
eous hydrogen; and, second, a system f o r  a c t i v a t i n g  oxygen s o  as t o  oxid ize  
hydrogen i n t o  water  and t o  e f f e c t u a t e  t h e  oxyhydrogen reac t ion .  

Ind iv idua l  mechanisms of t h e  f i r s t  system a r e  very anc ien t .  They were 
p r i n c i p a l l y  inherent  i n  anaerobic organisms. They are our f a m i l i a r  NAD, ATP, 
CoA,  e t c . ,  but  t h e i r  a c t i o n  when aerobios is  came i n t o  being spread t o  a number 
of new products lacking i n  t h e  chain of a lcohol  o r  l a c t i c - a c i d  fermentation. 
This chain of i n i t i a l  carbohydrate t ransformation a l s o  remained unchanged i n  
t h e  aerobes,  bu t  a t  c e r t a i n  loca t ions  they added t o  i t  new chains and r e a c t i o n  
cycles  whose i n d i v i d u a l  members g ive  up t h e i r  hydrogen t o  NAD or  o ther  s i m i l a r  
acceptors  (e .g . ,  f l a v i n  d e r i v a t i v e s ) .  

- /180 

These l o c a t i o n s  f o r  attachment of new cyc les  w e r e  d i s t i n c t l y  marked even 
i n  t h e  r a t h e r  p r i m i t i v e  f a c u l t a t i v e  anaerobes. The main one w a s  pyruvic a c i d ,  
t h a t  key poin t  from which t h e  roads of d i f f e r e n t  forms of anaerobic fermentatfon 
spread i n  d i f f e r e n t  d i r e c t i o n s  (Ref. 3 5 ) .  I n  Streptococcus faecazis, f o r  example, 
pyruvic ac id  by oxida t ive  decarboxylat ion i s  thus  converted i n t o  a c e t i c  a c i d ;  
i n  c o n t r a s t  t o  t h i s ,  i n  b a c t e r i a  of propionate  fermentat ion i t  a t t a c h e s  CO t o  

i t s e l f  and forms o x a l o a c e t i c  ac id .  Both t h e s e  processes  of converting pyruvic  
a c i d  which has  formed i n  t h e  usua l  way t a k e  p l a c e  i n  higher  organisms capable  
of r e s p i r a t i o n .  However, t h e  m a t t e r  does not  s t o p  h e r e ,  bu t  a multi- l ink,  c losed  
chain of t ransformations a r i s e s .  This chain has  been given t h e  name of Krebs 
cyc le  (Ref. 3 6 ) ,  o r  t h e  di-  and t r i c a r b o x y l i c  a c i d  c y c l e  (Figure 31). For 
purposes of s i m p l i c i t y ,  t h e  diagram does not  show t h e  anaerobic method of 
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converting glucose i n t o  pyruvic ac id  which i s  usua l  i n  a l l  organisms. Without 
dwelling i n  d e t a i l  on a l l  t h e  l i n k s  i n  t h i s  complex c y c l e  i n  which many mech- 
anisms a l ready  f a m i l i a r  t o  u s  p a r t i c i p a t e ,  w e  must mention t h e  following. 

When passing through t h i s  cyc le ,  a l l  t h r e e  carbon atoms of t h e  pyruvic a c i d  
molecule a r e  oxidized i n t o  acetic a c i d  due t o  oxygen i n  t h e  water ,  while  t h e  
hydrogen is  cont inua l ly  e l iminated from t h e  cyc le  by means of t h e  NAD and 
corresponding enzymes -- t h e  oxidoreductases.  The acetic a c i d  i s  d i r e c t l y  s p l i t  
by carboxylases,  whose composition includes thiamine-pyrophosphate (TPP). 

W e  thus  see t h a t  t h e  s a m e  c l a s s e s  of enzymatic mechanisms a r e  operat ing 
here  as i n  anaerobic  metabolism, but  t h e  order  of t h e  r e a c t i o n s  i s  now essen- 
t i a l l y  changed. The p r i n c i p a l  d i f f e r e n c e  i s  t h a t  t h e  l i b e r a t e d  hydrogen does 
not  f a l l  i n t o  d iscard ,  but  i s  u t i l i z e d  t o  produce s i g n i f i c a n t  a d d i t i o n a l  quan- 
t i t i e s  of energy by undergoing oxidat ion with atmospheric oxygen. The i n t e r -  
mediate products generated i n  t h e  cyc le  combine i t  wi th  o t h e r  systems of metab- 
olism, with t h e  r e s u l t  t h a t  t h e r e  i s  es tab l i shed  an immediate r e l a t i o n s h i p  and 
r e c i p r o c a l  s t a t e  of interdependence between t h e  metabolism of carbohydrates,  
f a t s ,  organic  a c i d s ,  and p r o t e i n s .  I n  p a r t i c u l a r ,  f o r  example, t h e  ke tonic  
ac ids  generated i n  t h e  cyc le  by d i rec t  i n t e r a c t i o n  with ammonia -- i . e . ,  by 
d i r e c t  amination o r  reamination reac t ions  -- a r e  converted i n t o  a lan ine ,  aspar- 
t i c  a c i d ,  and glutamic a c i d ,  while  var ious o t h e r  amino a c i d s  p a r t i c i p a t i n g  i n  
t h e  system of p r o t e i n s ,  hormones, enzymes, e tc .  a r e  a l s o  formed from them (Ref. 
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37).  
Addit ional  r e s p i r a t i o n a l  t ransformations may be added t o  t h e  fermentation 

r e a c t i o n  chain not  only by means of t h e  pyruvic a c i d  a t  t h e  end of t h i s  chain,  
but  a l s o  by means of i t s  i n i t i a l  l i n k s .  

I n  t h i s  case,  r e s p i r a t i o n  i s  l inked  t o  t h e  pentosophosphate cyc le  which i n  
modern organisms is  c h i e f l y  represented i n  t h i s  aerobic  form. 

Hydrogen removal by NAD from t h e  intermediate  l i n k s  of t h e  Krebs c y c l e  
does not  involve l i b e r a t i o n  of a p e r c e p t i b l e  amount of energy. The f r e e  energy 
of oxidat ion becomes a c c e s s i b l e  not  i n  oxidat ion of t h e  s u b s t r a t e ,  but  i n  sub- 
sequent oxidat ion of NAD-H by atmospheric oxygen. This takes  p lace  not  i n  a 
s i n g l e  event ,  but  by t h e  t r a n s f e r  of protons and e l e c t r o n s  through t h e  chain 
of a number of s p e c i f i c  oxidizing enzymes. A s  t h e  r e s u l t  of t h i s  t r a n s f e r ,  each 
of t h e  intermediate  c a r r i e r s ,  p resent  i n  very small  q u a n t i t y ,  i s  cont inua l ly  
reduced by t h e  s u b s t r a t e  and i s  oxidized by molecular oxygen. The phosphoryla- 
t i o n  which i s  u s u a l l y  c a l l e d  oxida t ive  phosphorylation (Ref. 38) i s  assoc ia ted  
wi th  t h i s  type of ox ida t ion  i n  which oxygen p a r t i c i p a t e s .  Oxidative phosphoryla- 
t i o n  i s  a very s i g n i f i c a n t ,  e s s e n t i a l l y  t h e  chief  source of f r e e  energy f o r  aeor- 
b i c  organisms. I n  a c t u a l  f a c t ,  i t  has  now been established t h a t  ox ida t ion  of m e r e -  
l y  a s i r ,gle  inolecule of NAD forms t h r e e  pyrophosphate bonds (ATP),while fermenta- 
t i o n  of a whole sugar molecule br ings  about only two such macroergic bonds. 

2 

Rather d i v e r s e  substances (mediators) may be t h e  in te rmedia te  l i n k s  i n  t h e  
oxida t ion  chain i n  var ious  organisms, b u t t h e  p r i n i c p a l  r o l e  h e r e  belongs t o  
t h e  f lavopro te ides .  As G. Mahler has  ind ica ted  (Ref. 3 9 ) ,  a g r e a t  v a r i e t y  of 
compounds of t h i s  type  can b e  de tec ted  i n  d i f f e r e n t  r e p r e s e n t a t i v e s  of t h e  
animate world. I n  s e v e r a l  of them, t h e  f lavone group can combine with nucleo- 
t i d e s  and o t h e r  organic  r a d i c a l s ,  as w e l l  as with such m e t a l s  as i r o n ,  
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molybdenum, o r  copper. 

I n  some cases t h e  f l a v i n  enzymes receive hydrogen from t h e  reduced NAD 
and t ransmi t  i t  t o  porphyrins -- t h e  components of t h e  cytochrome system -- o r  
else t o  o t h e r  in te rmedia te  oxid iz ing  mechanisms which perform f i n a l  ox ida t ion  
of t h i s  hydrogen by atmospheric oxygen. I n  o t h e r  cases, such f lavopro te ides  
p a r t i c i p a t e  as can der ive  hydrogen d i r e c t l y  from t h e  s u b s t r a t e  and t ransmi t  i t  
t o  t h e  cytochrome system. F i n a l l y ,  t h e r e  a r e  f lavopro te ides  capable of t rans-  /182 
f e r r i n g  t h e  hydrogen which they obta in  d i r e c t l y  t o  t h e  molecular oxygen. 

The g r e a t  v a r i e t y  of t h e  r e a c t i o n  sequence i n  t h e  o x i d a t i v e  chain i n  
var ious  r e p r e s e n t a t i v e s  of t h e  animal. and p l a n t  kingdoms i n d i c a t e s  t h e  r e l a t i v e  
youth of t h e  system which w e  are analyzing. It a l s o  i n d i c a t e s  t h a t ,  i n  t h e  
course of evolut ion,  i t  had o r i g i n a t e d  i n  p a r a l l e l  fashion i n  d i f f e r e n t  organisms 
a t  t h e  development s t a g e  of t h e  animate world where profound d i f f e r e n t i a t i o n  
between its i n d i v i d u a l  p a r t s  took place.  

We may arrive a t  s i m i l a r  conclusions from a knowledge of t h e  d i v e r s e  en- 
zymes p a r t i c i p a t i n g  i n  t h e  oxida t ive  t ransformation chain i n  var ious  organisms. 
This r e f e r s  p a r t i c u l a r l y  t o  t h e  " terminal  group'' of t h e s e  c a t a l y s t s  which d i rec t -  
l y  a c t i v a t e  molecular oxygen (Figure 40). I n  organisms which are f a r  a p a r t  i n  
t h e  systematic  r e s p e c t ,  t h i s  problem is  f requent ly  solved by very d i f f e r e n t  
c a t a l y t i c  mechanisms. Along with t h e  most anc ien t  f l a v i n  enzymes, w e  must here  
mention t h e  cytochromes which w e  have been a b l e  t o  d e t e c t  even i n  r a t h e r  primi-. 
t ive  aerobic  organisms. With t h e  appearance of molecular oxygen i n  t h e  terres- 
t r i a l  atmosphere, t h e  cytochromes contained i n  t h e  most d i v e r s e  l i v i n g  beings 
could very e a s i l y  have begun t o  func t ion  a s  oxidas ic  mechanisms a c t i v a t i n g  
oxygen i n  t h e  r e s p i r a t i o n  process .  

Therefore,  cytochromes and t h e  corresponding enzymes -- cytochromoxidases 
-- a r e  r a t h e r  u n i v e r s a l  r e s p i r a t o r y  devices .  W e  f i n d  them i n  groilps of organ- 
i s m s  which a r e  very d i s p a r a t e  i n  t h e  sys temat ic  r e s p e c t ,  b u t  t h e i r  s i g n i f i c a n c e  
i s  p a r t i c u l a r l y  g r e a t  i n  t h e  r e s p i r a t o r y  process i n  s e v e r a l  microorganisms, as 
w e l l  a s  i n  t h e  animal c e l l .  I n  higher  p l a n t s ,  a l a r g e  r o l e  f a l l s  t o  t h e  phenol- 
oxidase systems i n  which t h e  enzymes are p r o t e i d e s ,  and t h e  hydrogen c a r r i e r  i s  
represented by P a l l a d i n ' s  " r e s p i r a t o r y  chromogens" (Ref. 41) .  These mechanisms 
are very s p e c i f i c  t o  p l a n t s .  Apparently during phylogenesis they had a l ready  
taken form when t h e  s e p a r a t i o n  of organisms i n t o  t h e  p l a n t  and animal kingdoms 
took place.  

Of very g r e a t  importance i n  p l a n t  r e s p i r a t i o n  i s  a l s o  peroxidase,  which 
a c t i v a t e s  t h e  oxygen of hydrogen peroxide,  but  i n  t h e  animal ce l l  i t  plays a 
comparatively small  r o l e .  Bes ides  cytochromoxidase, phenoloxidases,  peroxidases ,  
and f l a v i n  enzymes, t h e  mechanisms of ascorbinoxidase l ipoxidase ,  and many o t h e r s  
can ca ta lyze  " f i n a l "  ox ida t ion  by atmospheric a i r .  

I n  var ious l i v i n g  beings and a t  d i f f e r e n t  s t a g e s  i n  t h e i r  l i f e  cyc le ,  t h e  
r o l e  of these  i n d i v i d u a l  mechanisms may f l u c t u a t e  widely. A l l  t h i s  i n d i c a t e s  
t h e  comparative phylogenet ic  youth of t h e  r e s p i r a t i o n  process and t h a t  i t  took 
shape considerably la ter  than t h e  anaerobic method of energy-producing metabol- 
i s m .  
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Figure 32.  Protein-Lipoid Membrane of Bacterium Micrococcus 
Ly sodeiktieus 

The g r e a t  complexity of t h e  s p a t i a l  o rganiza t ion  of protoplasm needed f o r  
r e s p i r a t i o n  a l s o  l e a d s  us  t o  t h e  same conclusion. While fermentation and t h e  
anaerobic phosphorylation assoc ia ted  with i t  may occur even i n  homogeneous 
s o l u t i o n s , t h e  mechanism of r e s p i r a t i o n  and o x i d a t i v e  phosphorylation a r e  c l o s e l y  
r e l a t e d  t o  s p e c i f i c  s t r u c t u r e s  i n  l i v i n g  bodies .  Attempts t o  r e a l i z e  t h e s e  
processes simply i n  a s o l u t i o n  of t h e  appropr ia te  enzymes and mediators have 
always ended i n  f a i l u r e .  Obviously, successfu l  t ransmission of protons and 
e l e c t r o n s  along t h e  chain of ox ida t ive  systems r e q u i r e s  t h a t  they be accura te ly  
l o c a l i z e d  with r e s p e c t  t o  each o t h e r  i n  space,  otherwise t h e  chain i s  ruptured 
a t  some l i n k .  P a r t i c u l a r l y  s e n s i t i v e  i n  t h i s  respec t  i s  t h e  r e l a t i o n s h i p  be- 
tween oxida t ion  proper and phosphorylation. Thus, f o r  example, when c e r t a i n  
concentrat ions of s p e c i f i c  i n h i b i t o r s  a r e  used, " resp i ra t ion"  proper may s t i l l  
be maintained, but  i t  is  i r r e p a r a b l y  "disengaged" from phosphorylation. 

The most p r i m i t i v e  s t r u c t u r a l  formation, which w e  can d e t e c t  even i n  
Goldacre 's  v e s i c l e s  or  on t h e  s u r f a c e  of Bungenberg-de-Yong's coacervate drop- 
l e t s ,  i s  t h e  pro te in- l ipo id  membrane. A s i m i l a r  s o r t  of membrane may a l s o  b e  
found on t h e  s u r f a c e  of a number of b a c t e r i a .  I f  they are subjected t o  l y s i s ,  
these  membranes may be i s o l a t e d  as so-cal led ghosts .  The i n v e s t i g a t i o n s  by 
N. Gel'man (Ref. 4 2 )  on b a c t e r i a  which are r a t h e r  p r i m i t i v e ,  bu t  capable of 
r e s p i r a t i o n ,  ind ica ted  t h a t  i n  these  b a c t e r i a  t h e  enzymes of t h e  electron-trans-/184 
f e r  chain are a l s o  incorporated i n t o  t h e i r  s u r f a c e  pro te in- l ipo id  membranes 
(Figure 3 2 ) .  Thus, r e s p i r a t i o n  as a whole can occur only when t h i s  s o r t  of 
s p a t i a l  "assembly" of t h e  enzymes i s  kept undisturbed. 

The three-dimensional organiza t ion  of r e s p i r a t i o n  has  reached even more 
appreciable  complexity and p e r f e c t i o n  i n  t h e  h igher  organisms of t h e  present  
day. 

H e r e  t h e  func t ion  of r e s p i r a t i o n  i s  accomplished by s t r u c t u r a l  formations 
s p e c i f i c a l l y  adapted t o  t h a t  end -- t h e  mitochondria (Figure 3 3 )  (Ref. 4 3 ) .  
Their very d e l i c a t e  i n t e r n a l  s t r u c t u r e ,  which can be observed only under t h e  
electron-microscope, i s  b a s i c a l l y  charac te r ized  by t h e  presence of a very elab- 
o r a t e  system of pro te in- l ipo id  membranes, i n  a c e r t a i n  degree s i m i l a r  t o  t h e  
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Figure 3 3 .  Electron-Microscopic Photograph of Mitochondria 
of Murine Epididymus 

s i t u a t i o n  w e  noted above f o r  ch lorophyl l i fe rous  granules .  Therefore,  t h e  system 
of pro te in- l ipo id  membranes may be regarded as a very genera l  p r i n c i p l e  of 
s p a t i a l  o rganiza t ion  i n  l i v i n g  bodies.  

Due t o  t h e  r igorous ly  determinate mutual arrangement of t h e  enzyme com- 
plexes on t h e  u l t r a f i n e  s t r u c t u r e  of t h e  mitochondria,  t h e  whole apparatus  
taken toge ther  a t t a i n s  an except ional  func t iona l  refinement. I n  p a r t i c u l a r ,  /185 
f o r  example, t h e  g r e a t  p e r f e c t i o n  of t h e  e l e c t r o n  t r a n s f e r  process i n  t h e  system 
of f lavopro te ins  and hemin enzymes i n  t h e  mitochondria,  says D.  Green (Ref. 4 4 ) ,  
depends on t h e  contac t  made here  between t h e  i n d i c a t e d  enzyme groups and t h e  
l ipopro te id  e membranes. 

The mitochondria of contemporary higher  organisms, l i k e  t h e  c h l o r o p l a s t s  
of p l a n t s ,  are very  complex and re f ined  devices  w e l l  adapted t o  perform d e f i n i t e  
b i o l o g i c a l  func t ions .  

Obviously t h e s e  devices  can o r i g i n a t e  only a f t e r  t h e  very lengthy develop- 
ment of l i v i n g  beings as they advanced toward p e r f e c t i n g  t h e i r  aerobic  metabol- 
i s m ,  considerably a f t e r  t h e  formation of t h e  bulk of t h e  oxygen i n  t h e  Ear th ' s  
atmosphere. This i s  a l s o  ind ica ted  i n  p a r t i c u l a r  by t h e  f a c t  t h a t  mitochondrial  
s t r u c t u r e  can e x i s t  only a t  a r e l a t i v e l y  high p a r t i a l  0 pressure.  The research 

of P.  Gavodan e t  a l .  [no r e f . ]  has  shown t h a t  mitochondria vacuol ize  and d is -  
i n t e g r a t e  i f  t h e  oxygen content  of t h e  environment becomes less than 30% of i t s  
usua l  norm. 

2 

We, unfor tuna te ly ,  do not  y e t  have a t  our  d i s p o s a l  d a t a  which would h e l p  
us form a concept of t h e  path followed by subsequent mitochondria formation from 
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more p r i m i t i v e  protoplasmic s t r u c t u r e s  during t h e  e v o l u t i o n a l  development of 
organisms. 

In  even g r e a t e r  measure t h i s  may b e  s a i d  about another  very important 
c e l l u l a r  s t r u c t u r e  -- t h e  c e l l  nucleus.  

The in t ramolecular  s t r u c t u r e  of DNA, o r i g i n a t i n g  a t  some t i m e  i n  t h e  p a s t  
on t h e  b a s i s  of s e p a r a t i o n  and r a t i o n a l i z a t i o n  of nucleic ac id  func t ions ,  must, 
of course,  have had a p r o t r a c t e d  evolu t ion  during t h e  development of l i f e .  This 
s t r u c t u r e  became more and more adapted toward so lv ing  t h e  problem of t h e  most 
p r e c i s e  self-reproduct ion and t ransmission of h e r e d i t a r y  information. However, 
a very important r o l e  i n  t h i s  regard must a l s o  have been played by development 
of t h e  multimolecular s t r u c t u r e s  which w e r e  formed with t h e  predominant p a r t i c -  
i p a t i o n  of DNA. This was p a r t i c u l a r l y  important f o r  so lv ing  t h e  problem of 
uniform DNA d i s t r i b u t i o n  i n  t h e  process of c e l l  d i v i s i o n .  

I n  b a c t e r i a  and blue-green a lgae  w e  f i n d  a s p a t i a l  o rganiza t ion  which i s  
s t i l l  on a r e l a t i v e l y  low l e v e l  of development. H e r e ,  cont ra ry  t o  t h e  s i t u a t i o n  
i n  more h ighly  organized cel ls ,  t h e  nuc lear  substance i s  simply loca ted  i n  t h e  
center  of t h e  p r o t o p l a s t  i n  t h e  form of s p h e r i c a l  o r  twis ted  s t r u c t u r e s  con- 
s i s t i n g  of DNA and having chemical p r o p e r t i e s  c h a r a c t e r i s t i c  of t h e  nucleus.  
The s t r u c t u r e s  of t h e s e  formations do n o t ,  however, correspond t o  t h e  t y p i c a l  
c e l l  n u c l e i  of h igher  organisms, s i n c e  they evince none of t h e  i n t e r n a l  s t r u c -  
t u r a l  d i f f e r e n t i a t i o n  inherent  i n  t h e  l a t t e r ,  nor are they del imited by a d is -  
t i n c t  membrane from t h e  protoplasm surrounding them. When t h e  cel ls  of b a c t e r i a  
and blue-green a l g a e  d i v i d e ,  t h e r e  i s  probably a simple s e p a r a t i o n  of t h e  nuc lear  
m a t t e r  i n t o  two daughter fragments. 

/186 

The r o l e  of t h e  i n t e r n a l  nuc lear  s t r u c t u r e  has  undergone except iona l ly  
g r e a t  growth because of t h e  phenomenon of c e l l u l a r  copulat ion,  e s p e c i a l l y  be- 
cause of t h e  sexual  process .  Af te r  t h e  development of t h e  l a t t e r ,  t h e  problem 
of t h e  proper d i s t r i b u t i o n  of t h e  nuclear  substance became immeasurably com- 
p l i c a t e d .  This a l s o  l e d  t o  t h e  formation of a new organiza t ion  -- q u i t e  aston- 
i sh ing  i n  i t s  f ineness  and p r e c i s i o n  -- of t h e  nucleus capable of m i t o s i s .  This 
organiza t ion  could,  of course,  have become complicated only i n  t h e  course of 
subsequent,  very prolonged evolu t ion  of organisms on a r a t h e r  high l e v e l  of 
development. 

Therefore ,  t h e  evolut ionary development of t h e  ce l l  i n  i t s  modern form, 
t h e  c e l l  which w e  o r d i n a r i l y  consider  t h e  most p r i m i t i v e  i n d i v i s i b l e  element 
of l i f e ,  demanded g i g a n t i c  per iods of t i m e  f o r  i t s  r e a l i z a t i o n ,  a succession 
of numberless genera t ions  of p r e c e l l u l a r  l i v i n g  beings.  Some modern au thors  
(Ref. 4 5 ) ,  r e s u r r e c t i n g  t h e  o ld  theory of S. Merezhkovskiy about symbiogenesis 
(Ref. 4 6 ) ,  even b e l i e v e  i t  poss ib le  t h a t  i n  t h e  i n i t i a l  per iods  of l i f e  s e p a r a t e  
s t r u c t u r a l  formations w e r e  developed as independent protobions o r  p r i m i t i v e  
organisms, and only t h e r e a f t e r  d id  they combine i n t o  t h a t  most complex bio- 
l o g i c a l  assemblage which i s  t h e  c e l l .  

The formation of t h e  organiza t ion  i n  t i m e  and space which i s  c h a r a c t e r i s t i c  
of a l l  contemporary l i v i n g  c r e a t u r e s ,  t h e  formation of t h e  bases  of b i o l o g i c a l  
metabolism and of c e l l u l a r  s t r u c t u r e ,  can b e  understood only by s tudying t h e  
e v o l u t i o n a l  h i s t o r y  of l i f e  and t h e  establ ishment  of b i o l o g i c a l  l a w s  s p e c i f i c  
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t o  t h a t  evolut ion.  

Many, many hundreds of m i l l i o n s  of y e a r s ,  perhaps h a l f  t h e  time during 
which l i f e  has  e x i s t e d  on Earth,  w a s  requi red  f o r  t h e  formation of those  bases  
during t h e  evolu t ion  of l i f e .  

Therefore,  a t tempts  t o  reproduce d i r e c t l y  and a r t i c i c i a l l y ,  t o  synthes ize  
even t h e  most p r i m i t i v e  modem l i v i n g  being now s t i l l  seem very naive.  

i n i t i a l  ones during t h e  development of l i f e  among us on Earth.  

The 
s y n t h e s i s  of l i f e  must obviously begin wi th  t h e  same systems which w e r e  t h e  /187 

The metabolism of l i v i n g  bodies  and the very f i n e  s t r u c t u r e  which i s  char- 
acter is t ic  of them r e s u l t  i n  a number of p r o p e r t i e s  which are o b l i g a t o r y  f o r  
any l i v i n g  being w e  naw know, p r o p e r t i e s  which i n  t h e i r  t o t a l i t y  q u a l i t a t i v e l y  
d i f f e r e n t i a t e  organisms from o b j e c t s  of t h e  inorganic  world. This i s  t h e  cap- 
a c i t y  of l i v i n g  bodies  f o r  a c t i v e  selective absorp t ion  of substances from t h e i r  
environment and f o r  excre t ion  of metabol ic  products  back i n t o  t h a t  medium. This 
a l s o  includes t h e  capac i ty  t o  grow, mul t ip ly ,  reproduce o n e s e l f ,  move i n  space,  
and, f i n a l l y ,  t h a t  r e a c t i o n  which i s  c h a r a c t e r i s t i c  of everything alive -- t h e  
response-of  organisms t o  e x t e r n a l  a c t i o n ,  t h e i r  a b i l i t y  t o  b e  s t imula ted .  

Each of t h e s e  p r o p e r t i e s  during t h e  subsequent development of organisms 
not  only became more and more complex, but  a l s o  w a s  transformed i n t o  q u a l i t a t -  
i v e l y  new forms of l i f e .  

Since t h e  evolu t ion  of l i f e  has a l ready  flowed not  through a s i n g l e  channel 
a lone,  but  has taken p lace  over numerous branching roads,  t h e s e  new forms have 
proved t o  b e  c h a r a c t e r i s t i c  no t  of t h e  whole world, bu t  merely of a c e r t a i n  
por t ion  of i t ,  but  w e  must never ignore  them i f  w e  wish t o  form a r e a l l y  cm- 
prehensive concept of l i f e .  

The f a r t h e r  t h e  evolu t ion  of l i v i n g  beings has  gone, t h e  more t h e s e  new 
forms of l i f e  have taken on a complex and b i o l o g i c a l l y  mediated na ture .  There- 
f o r e ,  they cannot b e  mechanically reduced t o  elementary processes  of inorganic  
na ture  by bypassing t h e  evolut ionary course followed by t h e  development of 
l i v i n g  m a t t e r .  Actual understanding of them can be achieved only on t h i s  course 
when w e  s tudy t h e  h i s t o r y  of t h e i r  development from more p r i m i t i v e  forms of 
b i o l o g i c a l  organizat ion.  
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CONCLUSION 

I n  conclusion, w e  w i l l  endeavor t o  g ive  an o b j e c t i v e  chronology of t h e  
events descr ibed above, s i n c e  without it t h e  h i s t o r y  of t h e  development of l i f e  
on Earth cannot be complete. 

/190 

A t  t h e  present  t i m e ,  however, w e  may speak (and even then r a t h e r  t e n t a -  
t i v e l y )  only of t h e  sequence of t h e  s e p a r a t e  s t a g e s  of biogenesis ,  but  absolu te  
d a t a  e s t a b l i s h e d  by s tudying pa laeonto logica l  f i n d s  r e f e r  p r i n c i p a l l y  t o  much 
la ter  events  i n  t h e  development of l i f e  on Earth.  
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I f  w e  s ta r t  counting t h e  age of our p l a n e t  from t h e  t i m e  when it began t o  
form from t h e  material of t h e  protoplanetary cloud, w e  can assume t h i s  age t o  
b e  about 5,000,000,000 y e a r s  i n  round numbers. Therefore,  i f  w e  wanted t o  
present  t h e  whole h i s t o r y  of t h e  Ear th ,  w e  would have t o  write t e n  volumes of 
f i v e  hundred pages each, where every page would correspond t o  a per iod of a 
m i l l i o n  years .  Not long ago it w a s  be l ieved  t h a t  w e  could read only one volume 
of t h i s  h i s t o r y ,  t h e  t e n t h  and las t .  

F o s s i l  remains of animals and p l a n t s  preserved from t h e  beginning of t h e  
Cambrian per iod enable  us t o  v i s u a l i z e  c l e a r l y  t h e  i r r e v e r s i b l e  process of t h e  
consecutive development of t h e  organic  world which has  been unin ter rupted ly  
going on f o r  500,000,000 years .  The s e p a r a t e  major s t a g e s  which have succeeded 
each o t h e r  i n  t h i s  long course of t h e  development of l i f e  are so  d i s t i n c t l y  
represented i n  t h e  pa laeonto logica l  chronic le  of t h e  Earth f o r  t h i s  per iod t h a t  
t h e  e n t i r e  process  as a whole may s e r v e  as a r e l i a b l e  chronometer with which 
g e o l o g i s t s  may determine t h e  time a t  which t h e  sedimentary rocks which they 
have s tudied  w e r e  formed. 

Thumbing success ive ly  through t h e  pages of t h i s  volume and studying t h e  
chronology of t h e  major events with which t h e  developmental h i s t o r y  of t h e  
organic  world i n  t h e  l as t  500 m i l l i o n  years  has been s o  r i c h ,  w e  f i n d  t h a t  t h e  
ra te  of t h i s  development has s t e a d i l y  increased.  A t  t h e  beginning of t h e  per iod 
under d iscuss ion ,  t h i s  rate w a s  r a t h e r  low, considerably slower than a t  t h e  end. 
It took almost h a l f  of t h i s  per iod,  f o r  example, f o r  p l a n t s  t o  conquer t h e  dry 
land completely and f o r  amphibious animals, s t i l l  r e t a i n i n g  t h e i r  complete de- 
pendence on t h e  water ,  t o  c r a w l  upon t h e  shores  of seas and swamps. 

Subsequent development of t h e  terrestrial  world of animals took p lace  
appreciably f a s t e r ,  b u t  s t i l l  about a hundred m i l l i o n  years  had passed before  
t h e  r e i g n  of t h e  r e p t i l e s ,  which reached i t s  apogee only s i x t y  o r  seventy 
m i l l i o n  years  ago, was e s t a b l i s h e d  on Earth.  Only h a l f  of t h i s  t i m e ,  t h e  next  
t h i r t y - f i v e  m i l l i o n  y e a r s ,  w a s  required before  t h e  empire of t h e  r e p t i l i a n s  w a s  
replaced by t h a t  of b i r d s  and animals, which then assumed t h e  f e a t u r e s  q u i t e  
f a m i l i a r  t o  us now only some f i v e  t o  seven m i l l i o n  y e a r s  ago. And only t h e  
s i n g l e  f i n a l  page of our volume encompasses t h e  whole h i s t o r y  of mankind. 

The high,  and s t i l l  r i s i n g ,  rates of development of l i f e  i n  t h i s  per iod 
of t i m e  have caused t h e  s t r i k i n g  v a r i e t y  of t h e  world of h ighly  organized p l a n t s  
and animals surrounding us. But t h e  beginning of l i f e ,  of course,  i n  no way 
coincides  with t h e  beginning of our t e n t h  volume. On t h e  cont ra ry ,  even i n  i t s  
very f i r s t  pages w e  encounter r a t h e r  lush  development of l i f e  with a g r e a t  
number of s p e c i e s  of m u l t i c e l l u l a r  a l g a e  and d i v e r s e  i n v e r t e b r a t e s :  medusas, 
worms, echinoderms, mollusks,  and t r i l o b i t e s .  Only v e r t e b r a t e s  are missing 
here .  

I n  t h e  p l a n t s  and animals w e  have l i s t e d ,  however, t h e r e  are a l ready  com- 
p a r a t i v e l y  h ighly  organized l i v i n g  beings which could have o r i g i n a t e d  only from 
t h e  very p r o t r a c t e d  development of l i f e  which preceded t h e  Cambrian per iod.  

Even comparatively r e c e n t l y  i t  w a s  be l ieved  t h a t  t h e  pa laeonto logica l  
chronic le  broke o f f  a t  t h e  Cambrian per iod ,  t h a t  remains of organisms which in- 
habi ted  t h e  world more than h a l f  a b i l l i o n  years  ago had n o t  been preserved t o  
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our t ime, s i n c e  t h e  rocks containing them had undergone profound changes and 
metamorphosis, completely destroying a l l  b i o l o g i c a l  s t r u c t u r e s .  However, w e  /192 
have r e c e n t l y  determined t h a t  a t  many s p o t s  on Earth,  p a r t i c u l a r l y  on contin- 
e n t a l  p la teaus ,  l i k e  the Russian, S iber ian ,  and Sino-Tibetan, below t h e  l a y e r s  
with t h e  most anc ien t  complexes of Cambrian f o s s i l s  t h e r e  are s t ra ta  of very 
s l i g h t l y  a l t e r e d  rock c l o s e l y  assoc ia ted  wi th  t h e  overlying l a y e r s ,  which are 
a t  times q u i t e  t h i c k .  
whole with them. 

They l i e  under Cambrian d e p o s i t s  and form a u n i f i e d  

I n  d i f f e r e n t  p a r t s  of t h e  globe, t h e s e  s t r a t a  have been given d i f f e r e n t  
names (S in is ian ,  Eocambrian, B e l t i a n ,  e t c . )  . I n  t h e  USSR, a t  t h e  suggest ion of 
N.  Shatskiy,  they are se t  a p a r t  i n  t h e  so-cal led Riphean, now assigned t o  t h e  
Pro terozoic  E r a .  

A study of t h e s e  rocks began comparatively r e c e n t l y ,  bu t  w e  have now a l ready  
discovered i n  them numerous f o s s i l s  preserved from t h e  Pre-Cambrian organic  
world (Ref. 1). 

These i n v e s t i g a t i o n s  show t h a t  l a t e  Pre-Cambrian l i f e  w a s  a d i r e c t  pre- 
decessor -of  t h e  Cambrian. The f o s s i l s  discovered h e r e  i n d i c a t e  t h a t  r a t h e r  r i c h  
f l o r a e  and fauna, represented by comparatively highly-devkloped organisms, both 
u n i c e l l u l a r  and m u l t i c e l l u l a r ,  e x i s t e d  a t  t h a t  t i m e .  

I n  t h e  coaly s h a l e s  of t h e  Breton Pre-Cambrian, f o r  example, remains have 
been found of r a d i l a r i a n s ,  foraminifera ,  and s i l i c e o u s  sponges. I n  t h e  Pre- 
Cambrian of t h e  Grand Canyon of North America, G. Walcott found remains of 
polychaetous worms. I n  Sweden imprints  have been found of an  arthropod, perhaps 
t h e  progeni tor  of t h e  Cambrian t r i l o b i t e s .  
China, A.  Vologdin ( R e f .  2) found t h e  s i l i c e o u s  sponges which are most pr imi t ive  
i n  terms of s p i c u l e  s t r u c t u r e ,  imprints  of worms which l a t e r  i n  t h e  Cambrian 
became more developed, and o ther  traces of t h e  animal l i f e  of t h e  l a t e  Protero- 
zoic .  

I n  t h e  Pre-Cambrian of t h e  USSR and 

I n  deeper l a y e r s ,  however, animal remains are completely absent ,  perhaps 
because t h e  p r i m i t i v e  animals of t h a t  time w e r e  unable t o  form ske le tons  o r  
s h e l l s ,  and t h e i r  s o f t  bodies have disappeared without a t r a c e  i n  t h e  g i g a n t i c  
per iods of t i m e  which s e p a r a t e  us  from t h e  Pre-Cambrian. 

I n  c o n t r a s t  t o  t h i s ,  t h e  p l a n t  world i s  represented i n  t h e s e  rocks by 
numerous fragments and accumulations of var ious  a l g a e  and t h e  spores  of primi- 
t ive  p l a n t s  (Figure 3 4 )  (Ref. 3 ) .  Therefore,  t h e  epoch of l i f e ,  t h e  Protero- 
zoic  E r a ,  preceding t h e  Cambrian, rises before  our eyes.  This e r a  w a s  an imm- 
ense s t a g e  i n  geologica l  development, and began almost two b i l l i o n  years  ago, 
i . e . ,  i n  t h a t  except iona l ly  important per iod i n  l i f e  on t h e  Ear th ' s  s u r f a c e  
when t h e  atmosphere of our p lane t  began t o  l o s e  i t s  reduct ive  n a t u r e  and grad- 
u a l l y  became enriched with free oxygen. 

This g i g a n t i c  era, exceeding i n  length  more than t w i c e  a l l  succeeding eras 
taken toge ther ,  i s  u s u a l l y  divided i n t o  t h r e e  geologopalaeontological  systems: 

(1) The S i n i s i a n ,  which began about 1200 m i l l i o n  y e a r s  ago and l a s t e d  
u n t i l  t h e  Cambrian; 
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Figure 3 4 .  F o s s i l s  of t h e  Alga (A) Somellostroma 
v i s i c u l a r e *  Vologdin and (B) P r a l a r e n a r i a  b u l l u l a t a  

Vologdin. Lower Cambrian. 

(2) 

(3)  

t h e  Yenise i (or  Yeniseian), which began 1500 m i l l i o n  years  ago and 

t h e  Sayan or(Sayaniar3, which began 1900 and ended 1500 m i l l i o n  y e a r s  
ended 1200 m i l l i o n  years  ago; 

ago. 
/194 

The Sinisian per iod a lone  thus encompasses t h e  whole n i n t h  and t h e  second 
h a l f  of t h e  e ighth  volume of our h i s t o r y  of t h e  Earth;  t h e  Yenisei  system occu- 
p i e s  t h e  beginning of t h e  e ighth  volume; t h e  g r e a t e r  p a r t  of volume seven is  
covered by t h e  Sayan system. 

Many pages i n  t h e s e  volumes have, unfor tuna te ly ,  suf fe red  from t h e  ravages 
of t i m e ;  many are completely l o s t ,  and t h e  order  of o t h e r s  i s  g r e a t l y  confused 
and d i s t o r t e d .  I n  a number of cases ,  i n  p a r t i c u l a r ,  i t  has  had t o  be admitted 
t h a t  Riphean rock s t ra ta  sometimes conta in  p l a n t  fragments and spores  of con- 
s i d e r a b l y  younger age than would fol low from t h e  geologica l  d a t a  of t h e i r  

- 

*Translator’s  Note: This is probably a typographical  e r r o r  and should b e  
ves icu lare .  
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l o c a l i t y .  
from upper l a y e r s .  
any s o r t  of random -- unsystematic -- f i n d s  i n  a stratum of Riphean o r  even 
o l d e r  rocks.  

They w e r e  obviously brought a t  some t i m e  i n  t h e  p a s t  t o  t h a t  p l a c e  
Therefore,  s p e c i a l  care must b e  exercised i n  approaching 

W e  are, never the less ,  now a l ready  a b l e  t o  d e s c r i b e  t h e  development of l i f e  
i n  t h e  Pro terozoic  E r a ,  al though s t i l l  i n  a very genera l  and approximate manner. 
W e  do not  f i n d  h e r e  t h e  splendid v a r i e t y  of modern organic  forms and t h a t  rap id  
replacement of them i n  t i m e  which i s  c h a r a c t e r i s t i c  of t h e  t e n t h  volume of t h e  
h i s t o r y  of t h e  Earth.  I t m a y  be thought t h a t  t h e  evolu t ion  of l i f e  i n  t h a t  era 
flowed along a t  less tempestuous rates than i n  t h e  per iods  subsequent t o  t h e  
Cambrian. 

The Pro terozoic  is p r i n c i p a l l y  an era of a l g a e  and b a c t e r i a  (Ref. 4 ) .  A s  
w e  have seen,  t h e  most p r i m i t i v e  r e p r e s e n t a t i v e s  of m u l t i c e l l u l a r  animals appear- 
ed only a t  t h e  end of it. 
periods t h e r e  were u n i c e l l u l a r  animals,  e s p e c i a l l y  protozoans,  but  i n  t h i s  re- 
gard w e  have almost no f a c t u a l  material a t  our d i s p o s a l .  I n  c o n t r a s t  t o  t h i s ,  
t h e  p l a n t  world of t h e  Pro terozoic  era has l e f t  behind numerous and completely 
r e l i a b l e  remains. 

It may, of course,  b e  assumed t h a t  even a t  earlier 

Chief among t h e s e  remains are t h e  
so-cal led "s t romatol i ths"  (Ref. 5) , I 1 9 5  
p e c u l i a r  calcareous formations construct-  
ed i n  t h e  form of r e l a t i v e l y  r e g u l a r  cup- 
o l a s  c o n s i s t i n g  o s t e n s i b l y  of a series 
of nes ted  cones (Figure 3 5 ) .  They reach 
a he ight  of up t o  one meter and a base 
diameter of up t o  h a l f  a meter. A t  t i m e s  
they are l a r g e  bodies  with a rounded sur-  
f a c e ,  and are a l s o  constructed of sep- 
arate laminae. I n  another i n s t a n c e ,  t h e  
s t r o m a t o l i t h s  are conica l ,  o r  even a c u t e l y  
c o n i c a l  i n  shape. This shape i s  charac te r -  
i s t i c  both f o r  Pre-Cambrian t i m e  and f o r  

Figure 35. Type of S t romato l i th  
S t r u c t u r e .  

t h e  i n i t i a l  systems of t h e  Palaeozoic.  
S t romato l i th  agglomerations formed r e e f s  

and ex tens ive  s t r o m a t o l i t h i c  b a r s  c h a r a c t e r i s t i c  of t h e  shoa l  waters  of t h e  
e a r l y  Sinaean s e a  (Figure 36) .  

Extensive labora tory  s t u d i e s  of s t r o m a t o l i t h s ,  p a r t i c u l a r l y  of pol ished 
s e c t i o n s  made from them, have demonstrated beyond doubt t h a t  t h e s e  formations 
a r e  products of t h e  v i t a l  a c t i v i t y  of anc ien t  photosynthesizing organisms. W e  
have even managed t o  determine and descr ibe  a l a r g e  number of spec ies ,  c h i e f l y  
of blue-green, bu t  a l s o  of red a lgae ,  which l a t e r  took p a r t  i n  forming strom- 
a t o l i t h s  (Figure 37) .  

Both marine and fresh-water a l g a e  were, i n  genera l ,  apparent ly  ex tens ive ly  
represented a t  d i f f e r e n t  per iods  of t h e  Pro terozoic  E r a ,  e s p e c i a l l y  i n  t h e  
S i n i s i a n  per iod.  
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The upper complex of the Riphean, including i n  p a r t i c u l a r ,  t h e  correspond- 
ing  series of t h e  U r a l s ,  t h e  Rnssian platform,  and t h e  Sino-Tibetan c o n t i n e n t a l  
p la teau  i s  charac te r ized  by powerful development of branching a l g a e  (Collenia) .  

For t h e  lower complexes, w e  must c h i e f l y  mention stromatoli th-forming a lgae ,  
which i n  some cases are rock-forming. For example, t h e  bottom of t h e  U r a l  
Riphean and of t h e  Sinisian of t h e  Sino-Tibetan c o n t i n e n t a l  p la teau  a r e  charac te r -  
i z e d  by such s p e c i e s  as Canophyton cylinducus. 

The o r g a n i c a l l y  s e c r e t e d  l imestone depos i t s  found i n  t h e  Sahara are clas- 
s i f i e d  as t h e  beginning of t h e  s t r o m a t o l i t h s  (Ref. 6 ) .  These a l g a e  r e e f s  are 
apparent ly  t h e  very  earliest  bioherms* known i n  geologica l  h i s t o r y .  They are 
more than a b i l l i o n  years  old.  

Vologdin i n d i c a t e s ,  however, t h a t  t h e  preponderant number of t h e  o l d e s t  
a l g a  spec ies  d i d  not  organize d i s t i n c t  bodies of cons tan t  s t r o m a t o l i t h i c  form, 
but  l a i d  down a depos i t  and converted it  i n t o  s o l i d  rock, where only t h e  morphol- 
ogy of t h e i r  co lonies  and t h e  products of t h e i r  v i t a l  a c t i v i t y  are p a r t i a l l y  
preserved. The s t a t e  of s t u d i e s  on t h e s e  most anc ien t  a l g a e  i s  s t i l l  very low, 
but  i n  recent  years  Vologdin has  discovered a g r e a t  v a r i e t y  of genera and 
spec ies  of blue-green and red  a lgae  i n  l a y e r s  of marine d e p o s i t s  formed i n  t h e  

S in idan  per iod (Ref. 7) .  
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Figure 36. V i e w  of S t romato l i th ic  B a r  Formed 
t h e  Alga Crustophicus ongaricus (lower photograph). 

This per iod may b e  descr ibed as t h e  second h a l f  of t h e  t r a n s i t i o n a l  per iod 1197 
between t h e  p r e a c t u a l i s t i c  and a c t u a l i s t i c  eras on t h e  E a r t h ' s  sur face .  
t h i s  t i m e ,  t h e  atmosphere w a s  a l ready  becoming enriched t o  a s u b s t a n t i a l  degree 
with f r e e  oxygen, and it may b e  assumed t h a t  t h e  e a r l y  s t r o m a t o l i t h s  played an  
important r o l e  i n  t h i s  enrichment. Consequently, they possessed t h e  capac i ty  
t o  photosynthesize.  W e  know, however, t h a t  organisms which photosynthesize 
must b e  endowed with a very d i f f e r e n t i a t e d  and very advanced i n t r a c e l l u l a r  

*Translator 's  Note: Bioherms a r e  geologica l  formations of biogenic  o r i g i n .  

At 
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Figure 37.  Stromato l i th  Types Formed by D i f f e r e n t  
Algae 

apparatus ,  which could b e  formed only as t h e  r e s u l t  of very lengthy evolu t ion  
of o r i g i n a l  l i v i n g  be ings  and only long a f t e r  t h e  development of l i f e .  There- 
f o r e ,  i n  our search  f o r  l i f e  w e  must plunge i n t o  f a r  more anc ien t  per iods i n  
t h e  ex is tence  of our p lane t .  The t r a c e s  of l i f e  preserved from these  per iods 
are extremely few i n  number, however, and are always random i n  nature .  This 
very s e r i o u s l y  pre judices  t h e  r e l i a b i l i t y  of conclusions drawn from studying 
t h e s e  traces. 

A very i n t e r e s t i n g  s ta tement  by A. Vologdin i s  t h a t  t h e  green-blue a lgae  
i n  t h e  s t r o m a t o l i t h s  must o f t e n  have been at tended by i r o n  b a c t e r i a ,  which a t  
t i m e s  predominated i n  i n t e r v e g e t a t i v e  per iods and formed f e r r i f e r o u s  f i lms  i n  
t h e  s t r o m a t o l i t h s .  

Since i r o n  b a c t e r i a  chemosynthesize (Ref. 8) and produce energy by oxidiz-  
ing  fe r rous  i n t o  f e r r i c  oxide,  they absolu te ly  requi red  molecular oxygen; t h e r e  
could have been considerably less molecular oxygen i n  t h e  atmosphere i n  t h i s  
t r a n s i t i o n a l  per iod which w e  are analyzing than t h e r e  i s  now. 
it i n  p a r t  from t h e  a lgae ,  i n  symbiosis with which they formed s t r o m a t o l i t h i c  
concentrat ions of i r o n  hydroxides and calcium carbonate.  
Vologdin (Ref. 9 ) ,  " b a c t e r i a l  a c t i v i t y  a l t e r n a t e d  wi th  a l g a l  a c t i v i t y :  summer 
was t h e  time of optimum a l g a l  development, win ter  t h a t  of predominant i ron-  
b a c t e r i a l  development." 
s t r o m a t o l i t h s ,  where l imestone alternates with f e r r i c  hydroxide (Figure 3 8 ) .  
Vologdin b e l i e v e s  t h a t  i r o n  b a c t e r i a  were a l ready  i n  ex is tence  a t  t h e  very 
beginning of t h e  Pro terozoic ,  and even a t  t h e  beginning of  t h e  Archeozoic era, 
but  t h i s  a s s e r t a t i o n  r e q u i r e s  f a r  more extensive f a c t u a l  m a t e r i a l  than i s  pres- 
e n t l y  a t  our d i s p o s a l .  

They could der ive  

"At times," w r i t e s  

The r e s u l t  of t h i s  w a s  t h e  complexity of c e r t a i n  

The most anc ien t  t r u e  f o s s i l s  are now considered t o  b e  t h e  remains of 
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organisms preserved i n  i r o n  ores  of Southern Ontar io  (Canada) and descr ibed by 
Tyler and Barghoom (Ref. 10). These organic  remains w e r e  probably converted 
i n t o  f o s s i l s  under t h e  condi t ions  of t h e i r  h a b i t a t  by s i l i c o n  s u b s t i t u t i o n  of 
t h e  o r i g i n a l  substance molecule by molecule. I n  t h i s  process ,  t h e i r  i n t e r n a l  1198 
s t r u c t u r e  w a s  preserved i n  t h e  f i n e s t  d e t a i l .  From a s tudy  of t h i s  s t r u c t u r e ,  
t h e  conclusion was drawn t h a t  some of t h e  forms found w e r e  p r i m i t i v e  a l g a e  and 
o t h e r s ,  fungi .  

Figure 38. Layers of Algal Deposits 
Forming a Stromatol i th .  Pol ished 
Sect ion.  X 10. 

It is  understandable t h a t  a con- 
c l u s i o n  of t h i s  s o r t  i s  very rough and 
prel iminary and t h a t  of course,  a b s o l u t e l y  
no s o l u t i o n  t o  t h e  problem of t h e  n a t u r e  
of metabolism i n  t h e s e  organisms can be 
based upon it .  For example, i t  cannot 
b e  s a i d  whether those forms, which are 
c lassed  as "algae", w e r e  a c t u a l l y  cap- 
a b l e  of photosynthesis .  It is  a l s o  very 
d i f f i c u l t  t o  determine t h e  a b s o l u t e  age 
of t h e s e  f o s s i l s .  On t h e  b a s i s  of f ind-  
ings  of t h e  rubidium-strontium method, 
t h i s  age i s  t e n t a t i v e l y  set a t  1600 
m i l l i o n  years .  Consequently, t h e  organ- 
i s m s  whose remains w e r e  preserved i n  
Ontar io  l i v e d  i n  t h e  t r a n s i t i o n a l  era 
and may have been e i t h e r  anaerobes o r  
aerobes.  

The comparative biochemical f ind ings  which w e  presented above a b s o l u t e l y  
i n d i c a t e  however, t h a t  t h e  germination of l i f e  and i t s  i n i t i a l  s t a g e s  of develop- 
ment proceeded under reducing-atmosphere condi t ions  i n  t h e  p r e a c t u a l i s t i c  e r a .  
Geologis ts  d a t e  t h e  end of t h i s  era a t  two b i l l i o n  y e a r s  ago, and thus  t h e  
development of l i f e  must be moved back t o  even more remote t i m e s .  

The most anc ien t  mani fes ta t ions  of l i f e  are now bel ieved t o  b e  t h e  l i m e  
s e c r e t i o n s  discovered by A. McGregor (Ref. 11) i n  t h e  dolomit ic  series i n  South- 
ern Rhodesia (South Afr ica) .  H e r e  t h e r e  a r e  no t r u e  f o s s i l s  with s t r u c t u r a l l y  
preserved remains of previous organisms, bu t  t h e  l imestone q u i t e  d i s t i n c t l y  
r e v e a l s  a laminar s t r u c t u r e  of apparent ly  nes ted  cones which i s  hard t o  regard 1199 
as t h e  r e s u l t  of abiogenic  processes .  To a c e r t a i n  degree,  t h e s e  formations 
s t r u c t u r a l l y  resemble t h e  depos i t s  r e s u l t i n g  from t h e  v i t a l  a c t i v i t y  of l i m e -  
s e c r e t i n g  a l g a e  ( s t r o m a t o l i t h s ) ,  which, however, l i v e d  i n  a much la ter  geolog- 
i ca l  epoch. Because of t h i s  resemblance, t h e  Rhodesian depos i t s  are o f t e n  
c a l l e d  a l g a l  l imestones,  b u t  t h i s  is i n c o r r e c t ,  of course,  s i n c e  no conclusion 
can b e  drawn as t o  d e f i n i t e  r e l a t i o n s h i p s  between t h e  organisms which formed 
t h e s e  depos i t s  merely from t h e  s t r u c t u r a l  s i m i l a r i t y  of secre ted  depos i t s .  

Based on an  i s o t o p e  a n a l y s i s  of t h e  g r a n i t i c  veins c u t t i n g  through the 
limestone s e c r e t i o n s  i n  Rhodesia, t h e  age of t h e  l a t te r  is  assumed t o  b e  about 
2700 m i l l i o n  years .  Hence, they indubi tab ly  belong t o  t h e  p r e a c t u a l i s t i c  era. 
The at tempt ,  based merely on t h e  form of t h e  d e p o s i t s ,  t o  a t t r i b u t e  t o  t h e  
organisms which formed them t h e  same metabolism as t h a t  of la ter  a e r o b i c  a l g a e  
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is completely groundless -- p a r t i c u l a r l y  because l i m e  can e a s i l y  be secre ted  i n  
anaerobic metabolism. At t h e  same t i m e ,  t h e r e  i s  some reason t o  assume t h a t  t h e  
producers of t h e  Rhodesian l imestone s e c r e t i o n s  had no d e f i n i t e  morphological 
s t r u c t u r e ,  b u t  represented a m a s s  of i r r e g u l a r  shape. Perhaps they w e r e  n o t  
even p r i m i t i v e  organisms, but  our h y p o t h e t i c a l  p ro t robions  -- i f  so ,  w e  have 
c l o s e l y  approached t h e  t i m e  a t  which l i f e  o r i g i n a l l y  developed. 

A study of even more anc ien t  rocks no longer  reveals any d i r e c t  s i g n s  of 
l i f e ,  and w e  can draw our  own conclusions about t h e s e  remote per iods i n  t h e  
E a r t h ' s  h i s t o r y  only from s tudy  of geochemical materials (Ref. 12), but  t h e  
r e s u l t s  obtained from t h i s  may f requent ly  be i n t e r p r e t e d  i n  d i f f e r e n t  ways. For 
example, very va luable  d a t a  may thus  b e  derived from an i s o t o p i c  a n a l y s i s  of 
d e p o s i t s  of g r a p h i t e  o r  Pre-Cambrian coa ls .  For t h e  most anc ien t  of them, how- 
ever ,  w e  s t i l l  cannot say whether t h e s e  depos i t s  w e r e  formed from t h e  organic  
substances of t h e  "primary broth",  from coacervate  d r o p l e t s ,  from protobions,  
o r  even from already-formed l i v i n g  beings,  i .e . ,  whether they formed before  o r  
a f t e r  t h e  development of l i f e .  For purposes of c l a r i t y ,  w e  s h a l l  g ive  a t a b l e  
(Table 7)  which w e  have borrowed from A. Vologdin's book Zemlya i zhizn '  (Earth 
and L i f e ) ,  s i n c e  t h i s  t a b l e  g ives  a very clear v i e w  of t h e  change i n  eras and 
geologopalaeontological  systems i n  t h e  e v o l u t i o n a l  h i s t o r y  of t h e  Earth.  

It is our opinion, however, t h a t  w e  s t i l l  do n o t  have i n  hand t h e  f a c t u a l  
m a t e r i a l  which would permit us more o r  less a c c u r a t e l y  t o  determine t h e  t i m e  
t h a t  l i f e  began (as  t h e  author  of t h i s  t a b l e  does) .  However, i t  may be con- /202 
f i d e n t l y  s t a t e d  t h a t  between t h e  development of t h e  "primary broth" and t h e  
formation of t h e  most p r i m i t i v e  organisms, which can b e  de tec ted  i n  t h e  form of 
f o s s i l s ,  t h e r e  l i e  vast s t r e t c h e s  of t i m e ,  a long road of gradual  p e r f e c t i o n  of 
metabolism, of molecular and supramolecular s t r u c t u r e s .  

It is  c h a r a c t e r i s t i c  of t h e  evolu t iona l  development of m a t t e r  t h a t  i t  pro- 

With t h e  
ceeds a t  a continuously a c c e l e r a t i n g  tempo, a s  though on a s t e e p  upward curve. 
Abiogenic evolu t ion  of organic  substances required b i l l i o n s  of years .  
rise of l i f e ,  t h e  development went on much f a s t e r .  E s s e n t i a l  s h i f t s  on t h e  
evolut ionary path of l i f e  occurred i n  t h e  course of hundreds and t e n s  of m i l l i o n s  
of years .  The formation and b i o l o g i c a l  development of man has taken only a m i l l i o n  
years .  
n i a  and c e n t u r i e s .  And now w e  e a s i l y  n o t e  major events  i n  t h e  development of 
human s o c i e t y  i n  per iods  c a l c u l a t e d  i n  decades. 

S o c i a l  t ransformations have been accomplished i n  t h e  course of mil len-  1203 

W e  must always bear  t h i s  development p a t t e r n  i n  mind, both when we analyze 
t h e  events  of t h e  remote p a s t  and i n  our f o r e c a s t s  of t h e  f u t u r e .  

When any new form of t h e  motion of m a t t e r  a r i s e s , t h e  old forms are r e t a i n e d ,  
bu t  t h e i r  r o l e  i n  f u r t h e r  progress  i s  n e g l i g i b l y  s m a l l  s i n c e  t h e i r  rates of 
development are s e v e r a l  o rders  lowerthan developmental rates of t h e  new form of 
motion. W e  s a w  t h i s  i n  t h e  example of t h e  rise of l i f e  when o ld  abiogenic 
methods of s y n t h e s i s  of organic  substances dropped i n t o  t h e  background, as com- 
pared t o  t h e  f a s t e r  b i o l o g i c a l  syntheses .  
t i o n  from t h e  b i o l o g i c a l  form of motion t o  t h e  s o c i a l .  

This a l s o  holds  t r u e  i n  t h e  t r a n s i -  

It is doubtful  t h a t  i n  t h e  l as t  thousand years  man has appreciably changed 
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TABLE 7 .  HISTORY OF THE EARTH'S CRUST AND OF LIFE 

Era 

Cenoz- 
o i c  

Mesozo- 
i c  

Paleo- 
z o i c  

System 

hthropo-  
5enic 

Jeogenic 

?aleogenic 

:ret aceous 

Jur as  s i c  

Crias s i c  

?ermian 

:arboni- 
Ierous 

P r i n c i p a l  Groups of Organisms 

{an, mammals  and many groups of marine and 
fresh-water mollusks,  c o r a l s ,  sea urchins  
and l i l i e s ,  sponges, foramini fe ra  

irarious mammals, including Hipparia  (ances- 
t o r s  of t h e  horse) ,  anthropoid apes 

4ammals (lowest apes appear) , ReptilLa; 
among i n v e r t e b r a t e s  -- Pelecypoda, gastro-  
pods, nummulites, Orbi toides;  among a lgae  
-- B a c i l l a r i e a e  

vlammals, massive development of R e p t i l i a  and 
t e l e o s t s ;  b i r d s ;  among i n v e r t e b r a t e s  -- 
o y s t e r s ,  belemnites,  calcareous Globigerin 
i d a e ,  R o t a l i a ,  and O r b i t o l i n a  

4assive development of R e p t i l i a  and Amphibia 
(dipnoans) , mammals (few) , t e l e o s t s  (few) , 
reef-forming c o r a l s ,  ammonites; o y s t e r s ;  
among i n s e c t s  -- Lepidoptera 

kppearance of f i r s t  mammals and t e l e o s t s ;  
many R e p t i l i a  -- terrestr ia l ,  aquat ic ,  f l y  
ing ;  among i n v e r t e b r a t e s  -- marine l i l i e s ,  
c e r a t i t e s ,  arrqnonites, belemnites ,  Beller- 
ophontidae 

h p h i b i a ,  p r imi t ive  R e p t i l i a ;  among inver te -  
b r a t e s  -- brachiopods, G o n i a t i t e s ,  ammon- 
i t es ,  Pelecypod a, bryozoans ; among land 
p l a n t s  -- f e r n s ,  gymnosperms i n ' t h e  form 
of t h e  f i r s t  evergreens,  gingkos, corda- 
i t e s  

h o n g  v e r t e b r a t e s  -- shark-l ike f i s h ;  among 
i n v e r t e b r a t e s  -- G o n i a t i t e s ,  Naut i lo id iea ;  
among p l a n t s  -- seed f e r n s  and c o r d a i t e s ,  
spore-bearing p l a n t s ,  lycopods, lepidophy- 
tes, calamites, Sphenophyllales. Many amp 
h ib ians  -- stegocephal ians  etc. F i r s t  
r e p t i l e s  

Absolute Age 
(Mil l ions of 
Years Ago) 

-/ 2 00 

1-0 

1-25 

70-25 

140-70 

185-140 

225-185 

270-225 

320-270 
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TABLE 7 continued 

E r a  

Palaeo 
z o i c  

Pro ter -  
ozoic  

System 

~~ .- ~ 

Devonian 

S i l u r i a n  

3rdovician 

2 amb r i an 

j i n i s  i an 

l e n i s e i  

iayan 

P r i n c i p a l  Groups of Organisms 

- -  - 

?irst terrestrial amphibians appear. Cross- 
o p t e r y g i i  and Dipnoi, Lor ica ta .  Among in-  
v e r t e b r a t e s  -- t e t r a r a d i a t e  c o r a l s  f lour -  
i s h ;  c a l c e o l a t e ,  s p i r i f e r i d s ,  pentamerids 
G o n i a t i t e s ,  t r i l o b i t e s ,  sea l i l i e s ;  among 
p l a n t s  -- P s i l o p h i t a l e s ,  disappearing by 
t h e  end of t h e  per iod ,  development of lycc 
pods, a r throphytes ,  beginning of gymno- 
sperms. F i r s t  terrestrial  p l a n t s  

Ie r tebra tes  -- c a r t i l a g i n o u s  f i s h e s ,  primi- 
t ive  f i s h - l i k e  Agnatha. Among inver tebra-  
tes -- numerous brachiopod mollusks,  a r t h -  
ropods (crustaceans,  t r i l o b i t e s ) ,  g rap to l -  
i t e s ,  t e t r a r a d i a t e  c o r a l s ;  sea l i l i e s  
appear. Among p l a n t s  -- considerable  
development of a lgae  -- blue-green and rec 

, o r i c a t a ;  among crustaceans -- os t racods ,  
Phyllopods, t r i l o b i t e s ;  g r a p t o l i t e s ,  tetrz 
r a d i a t e  and tubular  c o r a l s ;  brachiopods; 
e a r l y  r e p r e s e n t a t i v e s  of bryozoans; Nautil  
oidea.  Massive development of a lgae  

‘irst Lor ica ta ,  t r i l o b i t e s ,  and crustaceans.  
Appearance of g r a p t o l i t e s ,  sponges, Strom- 
atoporoidea,  brachiopods, p r i m i t i v e  Naut i l  
oidea.  I n  Lower and Middle Cambrian -- 
massive development of Archaeocyatha. 
Abundance of red and blue-green a lgae  

.ass ive development of u n i c e l l u l a r  and mul t i  
c e l l u l a r  blue-green (more r a r e l y ,  red  and 
green) a lgae;  a t  t h e  end of t h e  per iod,  
e a r l y  Archaeocyatha, sponges , worms , and 
medusas appear 

assive development of u n i c e l l u l a r  blue-gree 
a lgae ;  development of i r o n  and o t h e r  bac- 
ter ia  

evelopment of u n i c e l l u l a r  a l g a e  and i r o n  
and o ther  b a c t e r i a  

Absolute Age 
(Mill ions of 
Years Ago) 

-~ 
I 2 0 1  

400-320 

420-400 

480-420 

570-480 

1200-570 

1500-1200 

1900-1500 
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Era 

Archeo- 
z o i c  

Catarcf 
e ic  

system 

!Jot d iv i -  
l ed  i n t o  
3ystems 

!Jot d iv i -  
led i n t o  
systems 

.TABLE 7 continued 

P r i n c i p a l  Groups of Organisms 

ippearance of v i r u s - l i k e  organisms, b a c t e r i s  
ox id iz ing  mineral  substances,  s o i l  bac- 
t e r ia ;  development of a lgae.  Chemical 
t ransformation of pr imoridal  carbon com- 
pounds. Predominance of chemical reac t ion  
i n  t ransformation of mineral  substance of 
t e r r e s t r i a l  c r u s t .  

:hemica1 processes i n  t h e  Ear th ' s  c r u s t ,  
massive appearance of volcanism and magne- 
t i s m ,  s t a r t  of formation of water bas ins  
on E a r t h ' s  s u r f a c e  by condensation of 
water vapor of t h e  "secondary" atmosphere. 
Generation of i n s i g n i f i c a n t  amounts of 
oxygen i n  a c t i o n  of cosmic rays  on w a t e r  
vapor i n  atmosphere. General reduct ive  
n a t u r e  of prebiosphere.  

Pregeological  s t a g e  of Ear th ' s  development -- forma- 
t i o n  of t h e  p lane t  by concentrat ion of cosmic m a t e -  
r i a l .  Primary atmosphere "s t r ipped away'! 

Absolute Age 
(Mil l ions of 
Years Ago) 

2700-1900 

3500-2700 

More than 
3500 

Note. The Sayan*and Yenisei" systems a r e  c l a s s i f i e d  by t h e  author  according 
t o  S iber ian  d a t a  based on discovery of  a lgae  i n  t h e i r  s t r a t a .  The S i n i s i a n  
system was i s o l a t e d  i n  China where i t  has been w e l l  s tud ied .  

b i o l o g i c a l l y ,  but  i n  t h a t  t i m e  he  has  acquired a previously unpara l le led  power 
over n a t u r e  surrounding him. 
not  i n d i v i d u a l  b i o l o g i c a l  development. 

This power of h i s  i s  t h e  r e s u l t  of publ ic ,  s o c i a l ,  

The broad highway of human progress  i s  even now passing n o t  through t h e  
b i o l o g i c a l  development of i n d i v i d u a l  human p e r s o n a l i t y ,  but  through t h e  advance- 
ment of h i s  e n t i r e  s o c i a l  l i f e ,  through progress  i n  t h e  s o c i a l  form of t h e  
motion of mat te r .  
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